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Two microalloyed steels, 1522MoV and 1522MoV-Ti, 
containing 0.004 and 0.011 wt. percent Ti respectively, 
were studied. Thermomechanical processing, grain size, 
forgeability, and transformation kinetics were evaluated. 
Titanium additions were found to reduce austenite grain 
size, and also to raise slightly the flow strength of 
austenite during hot compression of microalloyed bar steels 
at 1100 and 1200°C and at strain rates of 1.00 s'1 and 0.10 
s-1. Multiple reductions of 1522MoV and 1522MoV-Ti steels 
did not show noticeable variance from the flow stress of 
single reduction tests. The flow strength increases due to 
Ti are relatively small and are not expected to affect 
significantly the forgability of Ti-modified steels.
Strain rate sensitivity analysis was performed, and shows 
that 1522MoV exhibits flow behavior similar to other 
forging steels. These effects are attributed to the Ti 
nitride pinning of the austenite grain boundaries. 
Continuous cooling transformation studies indicate that the 
bainite transformation start temperature is higher for the 
1522MoV-Ti steel. Grain size measurements of the
iii
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compressed samples showed that the 1522MoV-Ti steel 
possessed a smaller grain size. The Ti modified steel 
transformed to its final structure, bainite in the case of 
air cooling, more quickly than the unmodified steel. 
Hardness testing after cooling showed the 1522MoV steel to 
have higher hardness. This is due to differences in the 
volume fraction of ferrite and other constituents present 
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There has been a major thrust in the steel industry to 
produce steels better suited for forgings. High 
temperatures (approximately 1250°C (2300°F)) are often 
desired when forging. At higher temperatures (in the 
austenite range) lower loads are required to achieve the 
expected deformation, and less die wear is experienced, 
thus reducing energy and tool replacement costs. Problems 
with grain growth and precipitate coarsening also occur in 
traditional quench and tempered forging steels. Hot 
working at lower temperatures increases die wear and parts 
must be reheated sooner (1,2).
Microalloyed forging steels have been developed which 
are strengthened by precipitation and grain size refinement 
to improve mechanical properties. These microalloyed 
steels can be produced by air cooling without heat 
treatment after forging. Elimination of the post-forging 
heat treatment saves labor and energy costs.
Medium carbon (0.22 to 0.35 weight percent) 
microalloyed steels have been investigated by a number of 
researchers (3-10). Most of these are strengthened by 
precipitation of microalloy (V, Nb) carbonitrides in 
ferrite-pearlite microstructures. However, other
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strengthening mechanisms have also been applied. For 
example, 1522MoV a steel which transforms to bainite and 
which contains Mo and V, has been developed for use in 
direct-cooled forgings. (10)
The scope of this program involves characterization 
and analysis of a Ti-modified microalloyed steel. Samples 
of 1522MoV-Ti are studied and compared to 1522MoV (without 
T i ). The primary concern is the effect of titanium and 
thermomechanical processing on the grain size, forgeability 
transformation kinetics, and resulting microstructure. Two 
steels, 1522MoV and 1522MoV-Ti, were used in the study. 
Compositions of the two steels are shown in Table 1.1. It 
can be seen that these steels are similar except for the Ti 
addition. Studies relating to 1522MoV and 1522MoV-Ti 
include grain size response as a function of austenitizing 
temperature, continuous cooling transformation (CCT) 
comparisons, and hot compression experiments.
T-3952 3





























Traditional medium carbon forging steels require 
quenching followed by tempering to achieve a good 
combination of toughness and strength. Quenching media and 
residence time are important considerations, as are 
tempering temperature and time. Recently developed 
microalloyed forging steels precipitation through 
microalloying, and do not require quenching or tempering. 
These microalloyed steels can be used after an air cool 
from forging temperatures. Compared to quenched and 
tempered steels with the same strength, the microalloyed 
steels generally have lower toughness. Newer alloys are 
achieving better toughness through better grain refinement 
and lower carbon levels. Microalloyed steels also have 
shown good machinability and fatigue strength, along with 
minimal distortion from forming (11).
Microalloyed steels achieve their strength through 
precipitation strengthening due to the micro-additions of 
niobium, vanadium, and/or titanium. One mechanism of 
precipitate strengthening is grain pinning by carbide or 
nitride particles formed from the micro-additions. Due to 
the solubility limits, these carbide and nitride particles
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are stable at various stages of processing. Particles 
formed with elements such as Nb and V dissolve before the 
forging temperature is reached, but titanium nitride is 
stable to temperatures well above the forging temperature.
A fine dispersion of titanium carbide and titanium 
carbonitride particles can help to reduce greatly the 
tendency of grain growth at high temperatures. Typical 
processing schedules are shown schematically in Figure 2.1 
for quench and tempered steel and microalloyed steel (12).
Since fewer processing steps are required to produce a 
forged part from microalloyed steel than to produce a 
similar part from a quench and tempered steel, it is often 
more economical to use microalloyed steels. Microalloyed 
steels are useful in applications where there are the 
following considerations:
1) fatigue strength and machinability,
2) strength and hardness,
3) able to replace other processes by microalloying, and
4) strength, toughness, fatigue strength and 
machinability are all important.
Microalloyed steels have already found use by 
automobile makers such as Mercedes, Opel, Volvo, Saab,
T-3952









STRESS RELIEVING STRESS RELIEVING
FORGED PRODUCTS
HOT ROLLED BARS COLO FINISHING COLD FINISHED BARS
TIME
Figure 2.1 Typical processing schedules for quench and 
tempered and microalloyed forging steels. 
Shaded areas represent required steps in 
steel processing (12).
T-3952 7
Rover, Renault, Toyota, and Mitsubishi (2). Some 
automotive applications for microalloyed steels include 
crankshafts, steering knuckle supports, piston shafts, axle 
beams, and connecting rods (4). A sign of the recognized 
importance of microalloyed steels is that at Volvo, 50% of 
their forgings are made from microalloyed steels, and that 
the Japanese automobile makers have also incorporated 
microalloyed steels into their products (13). Increased 
usage of microalloyed steel is occurring throughout the 
w o r l d .
2.2 Microalloyed Steels
In microalloyed steels, micro additions (significantly 
less than 1 percent) of carbide and nitride formers, (V,
Nb, and/or Ti) are added to low or medium carbon steels to 
obtain a microalloyed steel that is precipitation 
strengthened, and in some cases grain refined (5). The 
strengths of microalloyed steels develop due to 
precipitation strengthening primarily by a dispersion of 
vanadium carbonitride particles and compare favorably to 
quenched steels tempered at high temperatures. The 
microalloying elements serve a dual role. Vanadium 
carbonitrides, and to some extent niobium carbonitrides, 
dissolve during heating for forging and are available for
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precipitation on cooling. Additions of Nb, and more 
recently, Ti tend to produce refinement of prior austenite 
grain size, and therefore increase the overall toughness. 
Due to relatively high solubility of niobium carbide in 
austenite, titanium is a favored alloying element since 
additions below 0.02 weight percent form titanium nitride 
precipitates that pin the austenite grain boundaries at 
higher temperatures. Titanium carbides and nitrides do not 
dissolve and serve to maintain fine grain sizes during high 
temperature forging. The smaller austenite grain size 
provides more grain boundary area for ferrite nucleation, 
resulting in more ferrite grains which are reduced in size. 
This effect is favorable since smaller grains give better 
toughness properties (7).
Additions of Ti have been studied by several 
investigators (2,7,14). An optimum amount of Ti has been 
suggested as 0.01 percent (2,7). Also, due to the concern 
of TiN particle coalescence, a hyper-stoichiometric 
combination of Ti and N (more N) is suggested (2).
The presence of Ti in microalloyed steels has raised 
some questions about its importance. Grain size control 
with varied austenitizing temperatures has been 
investigated by many researchers (2,3,5,7,8,14,15), but 
these studies were performed on German and Japanese steel
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grades. The effect of Ti additions on transformations when 
cooling from austenite is also of interest to users of 
microalloyed steels. This study is designed to evaluate 
the effect of hot deformation on transformation of 
Ti-containing steel in order to help increase the 
understanding of microalloyed steels used for forging.
The first generation of microalloyed steels utilize 
vanadium carbonitride precipitation as a strengthening 
mechanism. They have ferrite-pearlite microstructures and 
tensile strengths similar to quench and highly tempered 
steels. Unfortunately, the first generation microalloyed 
steels also have low toughness.
The second generation of microalloyed steels also use 
vanadium carbonitride precipitation as the strengthening 
mechanism and are sometimes modified with molybdenum to 
achieve an acicular ferrite microstructure. Some of the 
second generation microalloyed steels have bainitic or 
martensitic microstructures. These steels are somewhat 
tougher than the first generation microalloyed steels, and 
are more comparable to quench and tempered steels. The 
addition of Ti to first or second generation microalloyed 
steels has been found to increase toughness through grain 
refinement. Table 2.1 illustrates the effect of Ti 
additions to 27MnSiVS6 German grade microalloyed steel
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Table 2.1 Austenite Grain Size for Samples
Austenitized for 1/2 Hour at Temperatures 
Shown (14). Samples Were Quenched and 












(2,14), and Figure 2.2 shows the grain size effect 
graphically. The addition of titanium, although used in 
Europe and Japan, has not yet been applied commercially in 
the United States (2-8,13,14).
2.3 Grain Size / Refinement
Grain size control in microalloyed steels is achieved 
in two ways. Thermomechanical processing is combined with 
precipitation to obtain a controlled austenite grain size 
and desirable properties (6,11,18,19). The 
thermomechanical processing schematic in Figure 2.3 
illustrates the effect of Jiot work and temperature-time 
interactions on the microstructure of a microalloyed steel 
(11). In this case hot work can either be hot rolling or 
forging, but grain refinement by thermomechanical treatment 
is most often applied to low carbon flat rolled steel 
products. Smaller austenite grains are achieved through 
recrystallization of the deformed austenite. Hall and 
Petch have indicated that grain size can be related to the 
tensile yield stress of a material. This relationship is 
o  oc d“* where o  is the yield strength and d is the grain 
diameter (20). It can be concluded from this relationship 
that smaller grain size results in higher tensile yield 
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Figure 2.3 Time temperature schematic illustrating 
the strengthening mechanism of 
microalloyed steels (11).
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processing is indeed desirable.
Petch has also indicated that the ductile to brittle 
transition temperature in iron and steel decreases in 
proportion to the grain size (20). Since the ductile to 
brittle transition temperature is a measurement of 
toughness, this relationship shows that a smaller grain 
size will give a higher toughness.
The high temperatures required for hot rolling or 
forging also cause grain growth in the austenite which, 
even though refined during hot work, should be restricted 
to a minimal amount. Precipitation helps to solve this 
problem. Carbide and nitride formers are added in small 
amounts to form finely dispersed carbides and nitrides 
which serve to pin the austenite grain boundaries that 
would otherwise grow. Figure 2.4 shows the solubility 
characteristics of common carbide and nitride formers used 
in microalloyed steels (18). The solubility of the 
carbides and nitrides increases with increasing 
temperature. Since small amounts, generally less than 
0.05% of niobium, vanadium and titanium are required for 
precipitation, these alloys with these additions are called 
microalloyed steels (18).
In order to maximize the precipitate strengthening 













MOO 1300 1200 1100 1000 000 300 T  -inn ;io n :;nn w  a . i
HUM Chromium carbide 
HH H  Molybdenum carbide H U M  Chromium and 
molybdenum carbide
V C q 75
I'3 - TiC











104/T in 5K 10“ Tin 'K'
Figure 2.4 Solubility products of various carbides 
and nitrides in austenite. Ordinate in 
(a) is content in atomic percent; 
ordinate in (b) is content in weight 
percent.
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should dissolve at the reheat temperature, and then form 
finely dispersed precipitates when the steel is cooled 
after hot work (2). Among the microalloying elements, 
vanadium carbonitride has the highest solubility in 
austenite and as a result is most used for precipitate 
strengthening on cooling. Holding austenite at high 
temperatures for even small periods of time can cause the 
austenite grains to grow. Since the vanadium carbonitrides 
dissolve, there is no precipitate pinning the grain 
boundaries, and the grains can grow unimpeded. There is, 
then a need for a precipitate that is stable at higher 
temperatures.
Titanium forms a nitride that remains stable to about 
1300°C. These TiN precipitates are then available to pin 
austenite grains at reheat and forging temperatures 
(2,5,15,18). Many researchers (2-8,13,14) have studied the 
benefits of V-Ti-N microalloyed steels and have found the 
grain size reduction to be favorable. The optimum titanium 
addition was determined to be 0.011% with a hyper- 
stoichiometric T i :N ratio (2,15). Figure 2.5 shows the 
effect of this Ti:N ratio on the austenite grain size (15). 
If an amount much larger than 0.011% Ti is used, there is a 
risk of forming large TiN particles rather than a fine 
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Figure 2.5 Relation between variation of Ti or N 
content and austenite grain size in a 
0.32%C-0.25%Si-l.45%Mn-0.06%V steel.
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effective for grain boundary pinning and would not result 
in grain refinement (4).
2.4 Final Microstructure Design
Heat treated steels are generally continuously cooled 
from the austenite temperature to room temperature. This 
is done by quenching or air cooling. During the continuous 
cooling, the material transforms from austenite to ferrite, 
ferrite-pearlite, bainite, martensite, or a combination of 
these, based on the rate at which it was cooled. Very fast 
cooling will form martensite, whereas very slow cooling 
will form a ferrite-pearlite structure. These 
transformations and their relationship to time and 
temperature can be illustrated on a continuous-cooling 
transformation diagram (more commonly, a CCT diagram).
This diagram shows different rates of cooling from 
austenite temperature and the various phases formed when 
cooling at any of those rates. The boundaries for the 
transformations of each phase are drawn to complete a 
representation of the phases that form during cooling at 
any given rate. Final microstructure is determined by 
which cooling rate path is followed, and which phase fields 
are traversed. A complete CCT diagram can help to predict 
the as-cooled microstructure of a part following a known
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cooling path, and desired microstructures can be designed 
by superimposing the cooling rate on the CCT diagram (21— 
24) .
The first generation of microalloyed steels formed 
ferrite-pearlite structures from air cooling and resulted 
in relatively low toughness (2,10). Manganese-molybdenum 
microalloyed steels form bainitic microstructures from air 
cooling and exhibit higher toughness.
There is much controversy regarding classification of 
the bainitic structures formed in microalloyed steels. 
Classical definitions relating to transformation mechanisms 
have been supported by proponents such as Aaronson et a l . 
(17), and non-traditional definitions relating to resultant 
phases and constituents have been supported by Bramfitt and 
Speer (16). The resultant microstructure of 1522MoV with 
and without titanium additions is a bainitic structure 
containing martensite, and retained austenite. This 
structure is a non-traditional bainite and throughout this 
work will be referred to as bainite.
2.5 Hot Deformation Studies
Characterization of the flow properties of materials 
during forging requires measurements of flow stress at high 
strain rates and large true strain values up to 4.0. Such
T-3952 20
studies are not possible with conventional tensile testing, 
as the material would begin to neck at true strains less 
than 0.5, and the high strain rates are not easily- 
achieved. Forging also involves elevated temperature, and 
since flow stress is strain rate sensitive but not strain 
sensitive at these temperatures, it is necessary to perform 
the testing with constant strain rate (20).
Compression testing achieves high strain rates and 
large strains. Heating devices can be obtained to heat the 
sample and platens prior to compression. Also, it is 
possible with most load frame controllers, to program the 
crosshead to move with a constant strain rate.
Compression tests can be performed with many load 
frames (25-30), but load capacity, strain rate, sample 
heating, and platen design must be considered. Fitzsimons 
and Staker have determined the system requirements for 
elevated temperature compression testing to include:
1) uniform temperature control,
2) constant strain rate control, and
3) accurate real-time displacement recording (25,29). 
Both Fitzsimons (25) and Weis (27) utilized an MTS load- 
frame with a clam shell furnace. The platens and sample 
were heated and compression took place within the furnace. 
Kumar (28) used a Gleeble 1500 load frame/system which
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heats by electrical resistance across the sample. The 
sample and platens are heated to testing temperature and 
compression takes place. Both of these systems are 
acceptable for compression testing since they meet the 
above criteria.
The use of a clam shell furnace design to heat the 
sample and platens raises some concerns. Temperature 
control may be difficult with an externally applied 
furnace, since multiple thermocouples must be monitored and 
averaged to determined the furnace temperature. A 
thermocouple may be attached to the sample and used for 
feedback control of the temperature.
Heating by electrical resistance allows more control 
since the thermocouple is directly connected to the sample 
and is used as a feedback control. Exact heating rates and 
cooling rates can be controlled and monitored. This method 
has a distinct advantage over the clam shell furnace 
heating where the heating rate is dependent on the furnace 
capability and cannot be controlled as easily.
If microstructures or transformations are to be 
studied after compression, controlled cooling must take 
place. A system with a clam-shell furnace is again at a 
disadvantage since the only way to cool the sample is to 
remove it from the heated environment and quench.
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The quench media could vary, causing different cooling 
rates, and thus inconsistent microstructures. Electrical 
resistance heating/cooling, on the other hand, is capable 
of controlling the cooling rate to approximate various 
quenches.
Conventional compression testing utilizes a right 
circular cylinder. Height to diameter ratios used vary 
from h/d = 1 to h/d = 1.5 (24,27,29,31). Due to friction 
between the sample and the platens, the sample does not 
remain cylindrical throughout the test. The sample will 
bulge or barrel, resulting in a nonuniform stress state.
The calculated flow stress curve will not correctly reflect 
the material properties without either correcting for 
barreling (29), or drastically reducing the effect of 
friction (31,32). Since correcting for barreling is very 
difficult, reducing friction is chosen as a way to minimize 
barreling. Glass lubricants and graphite suspensions or 
foil have been suggested as ways to deal with friction 
(24,25,31,33), but they have limitations. Graphite 
lubricants need to be treated with caution, since at higher 
temperatures, the diffusion of carbon may cause melting of 
the sample due to the eutectic at 1147°C in the Fe-Fe3C 
system. This can be prevented by providing a diffusion 
barrier to the carbon. Nickel plating the steel sample can
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provide the proper diffusion barrier and testing 
temperatures above 1150°C can be achieved.
Glass lubricants must be chosen to have correct flow 
characteristics at various testing temperatures. The 
behavior of the glass in relation to the sample material . 
type is also of concern since many glass lubricants are 
sold for specific material types (33). Retention of the 
glass lubricant may be a problem since during compression, 
there is a tendency for the lubricant to be extruded from 
between the platens and the sample, thus reducing the 
efficiency of the lubricant (34).
A modification of the sample ends has been suggested 
(32) to help retain the lubricant. End recesses are 
machined (0.4 mm) in the sample ends and are filled with 
lubricant. The lubricant is reported to remain in the 
recessed end up to high strains, thus resulting in good 
lubrication. The data from tests run with Rastegaev (32) 
samples include the collapsing of the rim formed by the end 
recess. This results in errors in stress and strain for 
the test (31). The Rastegaev sample with glass lubricant 
is inadequate when used in an electrical resistance heating 
system such as the Gleeble. Since glass is an electrical 
insulator, the conduction through the sample is reduced to 
a much smaller area and heating becomes nonuniform.
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Compression testing at elevated temperatures causes 
complications relating to the flow stress. At higher 
temperatures, the flow stress is strongly dependent on 
strain rate. Higher strain rates result in higher flow 
stresses. Due to these complications, the temperature must 
be controlled along with a constant strain rate (20,25,31). 
The crosshead movement required to provide a constant 
strain rate is exponential with time (See Appendix A for a 
detailed analysis). Strain measurement during a 
compression test is generally related to the height of the 
sample. The height is actually the separation of the 
platens at any given time. The strain would be calculated 
as the change in height divided by the original height.
This method has some inherent problems. The platen 
separation is set by the control of the crosshead (or 
stroke). Load frame stiffness becomes an issue and there 
will be some crosshead movement before actual compression 
begins. The extra movement or compliance must be accounted 
for during data analysis. There may also be resistance 
associated with moving the crosshead against any vacuum 
sealing gaskets, which also needs to be determined and 
properly accounted for when analyzing the data. Gasket 
resistance and compliance are not related to the material 
being compressed, but once they are measured and treated
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correctly, the data can be correctly analyzed.
Another method of measuring strain is to take diameter 
readings during testing. There are no outside influences 
on the sample diameter other than flow due to compression. 
Assuming that most of the barreling has been minimized, the 
diameter reading can be used to determine a strain value 
and needs no modification before analysis. Flow stress 
data calculated from stroke movement can be checked by 
comparing it to flow stress data calculated from diameter 
data taken during the same test. The flow curves should be 
very close if not coincident.
2.6 Continuous Cooling Transformation Diagram
The as-cooled microstructure of a forged part is 
important since the cooling rate and resulting structure 
determine the mechanical properties of the material. 
Continuous cooling transformation (CCT) diagrams have been 
used for many years to study structure changes as a 
function of cooling rate. Complete CCT diagrams convey 
information about the phase transformations, hardenability, 
microstructures, and hardness of a given material. When 
used as a metallurgical tool, the CCT diagram can help 
determine optimal cooling rates required to achieve certain 
microstructures and hardnesses.
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Forged parts of microalloyed steel may be cooled to 
ferrite-pearlite or bainitic microstructures. Bainitic 
microstructures develop improved toughness relative to 
ferrite-pearlite (10) microstructures and therefore were 
selected for this study. Air cooling ranging from still 
air to forced air may be used. With aid of a CCT diagram, 
the best method can be chosen that is capable of cooling 
the parts appropriately.
Previous Advanced Steel Processing and Products 
Research Center work by Grassl (10) reported the CCT 
diagram for 1522MoV (without T i ). This CCT diagram (see 
Figure 2.6) indicated that a bainitic structure with a 
reasonable hardness could be attained with air cooling of 
small samples. The Ti-modified 1522MoV (1522MoV-Ti) is 
expected to yield a similar CCT diagram. The hardenability 
should be about the same, but the transformation start 
temperatures will probably be higher due to the smaller 
prior austenite grain size. Smaller grains give more 
nucleation sites which form smaller ferrite grains or 
martensite packets (7), and transformations should start 
earlier.
Heating rates, forging or austenitizing temperatures, 
and cooling rates should be chosen to give realistic 

































































































furnaces are capable of heating relatively small parts in 
excess of 50°C/s (35), and forging temperatures are desired 
as high as 1200°C. Cooling rates should span from very 
slow, giving pearlitic structures, to very fast, giving 
martensitic structures. Grassl used a Gleeble 1500 for his 
work on CCT diagram generation for 1522 MoV. He utilized 
an austenitizing temperature of 1093°C, a heating rate of 
4°C/s, and the cooling rates used were 0.1, 0.25, 0.5, 1, 
2.5, 5, 10, 25, 50 and 100°C/s. These conditions gave a 
complete CCT diagram, and since the present study is 
comparing a similar alloy, these conditions will be used. 
During CCT generation on the Gleeble, phase transformations 
are monitored with the use of a crosswise strain or C- 
strain dilatometer. This device is attached around the 
sample and monitors diameter changes during heating and 
cooling. Distinctive shape changes can be observed when 
plotting diameter change against temperature. Determining 
start and finish temperatures for phase transformations is 
not difficult, since they can be found graphically (22-24). 
The C-strain dilatometer may also be used to measure 
transformations on cooling after compression has taken 
pl a c e .
Generation of the full CCT diagram with the Gleeble 
requires some consideration of feasible cooling rates and
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sample geometry. Gas cooling may be used to cool samples 
at high cooling rates, but the samples must be hollow and 
possibly shorter than those used for slower cooling rates.
Transformations during cooling can be studied for the 
forged samples, but since they are larger in diameter and 
solid, the cooling rate cannot be controlled at high rates. 
This is not a problem, since a bainitic structure is 
desirable in a cooled part. This structure is achieved 
with air cooling which can be simulated and controlled with 
an as-forged sample.
2.7 Effects of Deformation on Structure
During hot deformation, the austenite is deformed and 
strain is introduced into the structure of the steel. 
Austenite recrystallization begins to take place 
dynamically at highly strained regions. If a hold at high 
temperature is involved, static recrystallization takes 
place, followed by grain growth. Together, dynamic and 
static recrystallization result in a refined grain size. 
Grain growth follows recrystallization and can be minimized 
by reducing temperature or by particle dispersions (19).
Multiple reductions during hot deformation often 
result in a finer microstructure due to strain induced 
precipitation. The nucleation sites formed by the
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precipitation, and static or dynamic recrystallization 




Samples of 1522MoV and 1522MoV-Ti were obtained as 
31.75 mm (1.25 in.) and 28.0 mm (1.125 in.) round bars, 
respectively, and were in the as-rolled condition. These 
steels were produced at Chaparral Steel Co. (Midlothian 
Texas) with a continuous caster. Chemical analysis was 
performed with an ARL 34000 emission spectrometer. A LECO 
CS-244 carbon/sulfur determinator was used to verify the 
carbon and sulfur contents.
3.2 Quench Experiment
The 1522 MoV-Ti steel was heat treated in the same 
manner as Grassl’s "equivalent hardness" experiments (10) 
so that the microstructural response to various quenches 
could be compared to the results for 1522MoV steel 
(designated as 0.24C-Mn-Mo-V by Grassl). Heat treating was 
performed in a Lindberg resistance-heated box furnace with 
an air atmosphere. Four samples of as-received bar stock, 
200 cm (8 in.) in length, were heated to 1100°C by placing 
the bars in the preheated furnace for 1 hour. Each bar was 
cooled differently to obtain a different microstructure.
The four cooling methods used were air cooling, boiling
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water quench, oil quench, and furnace cooling. Air cooling 
was performed by standing the bars on end in room- 
temperature air. Boiling water quenching was performed by 
submerging the bars upright in a 210 mm (8.25 in.) diameter 
by 380 mm (15 in.) high cylindrical tank filled with 
boiling water heated by a 3000 watt immersion heater. Oil 
quenching was performed by submerging the bars upright in a 
215 mm (8.5 in.) diameter by 380 mm (15 in.) high 
cylindrical tank filled with quench oil at room 
temperature.
Samples for hardness and microstructural evaluation 
were taken out of 50 mm (2 in.) long sections from the 
middle of the 200 cm (8 in.) heat treated bars to minimize 
axial cooling effects from the bar ends. Samples for 
analysis were taken perpendicular to the rolling direction. 
Materials were analyzed for both microhardness and 
microstructure at mid-radius positions below the bar 
surface.
Samples were polished to 1 micron with standard 
metallographic procedures. Microhardness profiles were 
determined on steels in various heat treated conditions to 
examine the variation in hardness across the bar cross 
section. The reported values were determined with a 500 gm 
load with a Vickers indenter. Readings were taken at the
T-3952 33
center, mid-radius, and subsurface positions for each bar. 
An average of three readings taken within 0.2 mm of each 
other perpendicular to the radial traverse line was 
reported.
Metallography was performed on the same samples used 
in the microhardness tests. Samples were etched in 2% 
nital for 5 to 20 seconds. Microstructures were examined 
at the subsurface, mid-radius, and centers of the bar with 
light microscopy.
3.3 Grain Size Study
Since the refinement of the austenite grain size is 
believed to be an extremely significant factor in improved 
toughness of microalloyed steels, studies have been made to 
determine the effect of Ti on grain refinement (2,5,7).
Titanium addition to 1522MoV steel is expected to help 
control the grain growth that is exhibited during hot work 
in the austenite region. An experiment was set up to 
follow the procedure indicated in Engineer's work (14).
Five samples of as-received bar stock of both 1522MoV and 
1522MoV-Ti steel were cut to 31.75 mm (1.25 in.) and 28 mm 
(1.125 in.) lengths, respectively, in order to maximize 
heat transfer at the bar centers. Austenitizing was 
performed in a Lindberg resistance-heated box furnace with
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an air atmosphere. The five samples of each steel (1522Mov 
and 1522MoV-Ti) were heated to austenitizing temperatures 
of 1100°C, 1150°C, 1200°C, 1250°C, and 1300°C, held for 0.5 
hr., and then water quenched to form a martensitic 
structure. The bars were water quenched by submerging the 
bars in a 210 mm (8.25 in.) diameter by 380 mm (15 in.) 
high cylindrical tank filled with room temperature water. 
Samples for the grain size study were taken perpendicular 
to the rolling direction and were cut at the half-length 
position. The center of the sample was then examined. 
Samples were polished to 0.05 micron alumina with standard 
metallographic techniques.
Many etchants were used to reveal prior austenite 
grain boundaries, particularly saturated aqueous picric 
acid solutions suggested by Vander Voort (37). The use of 
wetting agents such as Teepol, sodium tridecylbenzene 
sulfonate, and a common hand detergent were also suggested 
to increase the action of the picric acid etchants (37). 
Tempering the samples was a critical factor in the response 
to the etch. The samples were tempered at 4 75°C for 24 hr. 
to segregate the phosphorous to the grain boundaries where 
it helped with the etching. The final etchant that was 
used was A p p l e ’s variation on Bechet and Beaujard's etch 
(37). It consists of saturated picric acid solution at
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room temperature with the added wetting agent sodium 
tridecylbenzene sulfonate.
Samples were repolished to 0.05 micron alumina by- 
standard metallographic techniques prior to etching. In 
the first attempt, a sample was immersed in the etching 
solution for 5 minutes and backpolished lightly on a 0.05 
micron alumina polishing wheel. Etching and back polishing 
were repeated for a total etching time of 50 minutes.
Grain boundaries were visible, but not fully connected.
The same sample was etched and backpolished for 20 minutes 
additional etching time (5 minute intervals with 
backpolish) to a total of 70 minutes. Grain boundaries 
were more connected, but large etch pits had obscured most 
of the sample. This sample was repolished, starting at 180 
grit to ensure the removal of the deeply etched areas. 
Polishing continued to 0.05 micron and etching was tried 
again. This time, 4 drops of HC1 were added to 100 ml of 
the etching solution as another way to increase the 
activity of the solution. Etching and backpolishing (at 5 
minute etch intervals) was performed until grain boundaries 
were visible. The total etching time was 30 minutes and 
many connected grain boundaries were visible. The sample 
was again repolished starting at 180 grit and continued 
down to 0.05 micron. Etching was done with the HC1
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addition, but this time in a Buehler ultrasonic cleaner to 
enhance the etching conditions and to shorten etching time. 
After 15 minutes of total etching time (5 minute intervals 
with backpolish), grain boundaries showed up, but there 
were large areas of pitting.
The optimal etching procedure for the grain size 
samples was to etch in the picric acid and sodium 
tridecylbenzene sulfonate solution at room temperature with 
the HC1 addition. Etching was performed at room 
temperature by immersing the samples in the solution for 5 
minutes followed by light backpolishing on a 0.05 micron 
alumina polishing wheel. Total etching time varied from 20 
minutes to 40 minutes.
Grain size was determined by the mean linear intercept 
method, L3 (38). A 10 cm circle was laid on the ground 
glass screen of a LECO (AusJena) Neophot 21 metallograph. 
Grain intersections were counted for 20 fields from each 
sample and the grain size in microns was then calculated.
3.4 Continuous Cooling Transformation Studies
Grassl's work included generating a continuous cooling 
transformation diagram (CCT diagram) to show the 
microstructures obtained when 1522MoV steel (0.24C-Mn-Mo-V) 
is cooled from austenite (10). This technique was followed
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so that a corresponding CCT diagram could be created for 
the 1522MoV-Ti steel used in the present work. The 
diagrams for both 1522MoV and 1522MoV-Ti steels will be 
compared to analyze the effects of titanium on the phase 
transformations of these two steels.
The CCT diagram was generated for the 1522MoV-Ti steel 
with a Gleeble 1500 closed loop thermo-mechanical testing 
system. Linear cooling rates were imposed with the Gleeble 
by varying heat input with resistance heating and heat 
extraction through water-cooled copper grips attached to 
the ends of the sample (24). For tests performed at high 
cooling rates, gas-assisted cooling with helium was used in 
addition to the cooling by the water-cooled grips. All 
samples were tested in an inert atmosphere created by back­
filling an evacuated chamber with argon. A positive- 
pressure argon atmosphere was maintained in the chamber 
during the cooling experiments.
Round samples of 6.4 mm (0.25 in.) diameter were 
machined from 100 mm (4 in.) long quartered sections of the 
as-received bars. Samples cooled at the fastest cooling 
rates were center drilled with a #28 drill having a 3.57 mm 
(0.141 in.) diameter to allow for gas-assisted cooling.
A chromel/alumel thermocouple was welded to the 
specimen surface at the sample midspan to monitor
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temperature. During controlled cooling, radial dilation 
was measured at the sample midspan with a water-cooled 
quartz rod dilatometer with a + 1 fim measuring stability 
(24) .
For resistance heating and axial cooling, a plane of 
constant temperature is maintained perpendicular to the 
direction of axial cooling. The plane at the sample 
midspan is cooled at the same rate as monitored by the 
thermocouple. Gas-assisted cooling alters this condition, 
producing both axial and radial cooling effects. Only the 
outside diameter of the bar at the sample midspan undergoes 
the same cooling rate that is monitored by the thermocouple 
(24) .
Samples were heated to 1093°C at a rate of 4°C/s and 
held for 5 minutes. Samples were then cooled to room 
temperature at various linear cooling rates: 0.1, 0.25,
0.5, 1.0, 2.5, 5.0, 10.0, 25.0, 50.0, and 100.0°C/s. See 
Appendix B for Gleeble control program listings.
During cooling, radial dilation, program temperature 
and actual temperature were stored with a personal computer 
data acquisition system as a function of time. Data 
analysis was performed with a software program made for the 
Gleeble test system by Duffers Scientific, Inc.
The data were plotted as radial dilation versus actual
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temperature and points of inflection were evaluated to 
determine start and finish temperatures of the various 
phase transformations. The uncertainty in determining the 
transformation start and finish temperatures by this 
technique has been reported to be + 5°C for the start and + 
35°C for the end of these solid state transformations (22).
Grassl's experience was taken into account and the 
1522MoV-Ti steel was analyzed beginning with the slowest 
cooling rate with undrilled samples. Actual temperature 
during cooling was within 10°C of the program temperature 
for all tests with cooling rates of 5°C/s and slower.
Once again drawing from Grassl's experience, gas- 
cooling was used for all subsequent tests with cooling 
rates of 10°C/s or faster. Sample lengths for all gas- 
cooled samples for the 1522 MoV-Ti steel were reduced to 
755 mm (3 in.) to reduce the sample mass between the copper 
cooled grips thereby improving temperature control. Gas 
cooling was employed on all tests with cooling rates of 
10°C/s or faster for the 1522MoV-Ti steel. Control was 
within 10°C of the program temperature with the exception 
of the sample cooled at 100°C/s which was outside the 10°C 
range at temperatures below 350°C.
Acl and Ac3 temperatures were determined by heating 
samples at a rate of 2°C/s and determining the inflection
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points of the dilation versus temperature curve on heating 
(20). For the Acl and Ac3 tests, computer data acquisition 
was not used. Inflection points were taken from test 
records produced on the chart recorder.
Samples for hardness evaluation and light microscopy 
were taken from the plane normal to the direction of axial 
cooling at the sample midspan. The area near the outside 
diameter of the sample was analyzed since this area most 
closely represents the cooling rate seen at the 
thermocouple in samples with gas assisted cooling. Samples 
were polished to 1 micron alumina with standard 
metallographic techniques. Diamond pyramid hardness values 
(D P H ) were obtained on a LECO M4 00A microhardness tester 
with a 500 gm load and Vickers indenter. Light microscopy 
samples were etched in 2% nital etch for 5 to 20 seconds.
3.5 Hot Compression Tests
The effect of titanium on the high-temperature flow 
strength of the 1522MoV steel was investigated. Adaptation 
of testing equipment, system calibration, lubrication, 
sample geometry, machine compliance and gasket resistance 




The present research was performed with a Gleeble 1500 
servohydraulic closed loop thermo-mechanical testing 
system. The Gleeble is capable of compression testing with 
uniform temperature control, constant strain rate control, 
controlled cooling and accurate real-time data recording. 
These features, along with the ability to use relatively 
small samples allows quick, accurate tests with minimal 
material. Radial strain measurements can also be made 
during testing. These measurements can be used for true 
strain calculations, or as dilatometry data to indicate 
phase transformations on cooling (24).
Compression testing on the Gleeble was conducted 
within a controlled argon atmosphere. Figure 3.1 shows a 
schematic diagram of the test system, and Figures 3.2 and
3.3 are photographs of the testing chamber and sample 
setup, respectively. Tungsten carbide platens are used and 
the sample is heated by electrical resistance between the 
platens. Thermal feedback control was provided by a type K 
(chromel/alumel) thermocouple welded to the surface of the 
sample. Computer control and computer data acquisition 
were performed during testing.
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Figure 3.2 Photograph of the Gleeble testing 
chamber.
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The Gleeble system is capable of monitoring and 
controlling the force, stroke and temperature used during 
testing. Compression testing requires accuracy in each of 
these subsystems in order for a test to be valid.
Therefore each of these subsystems were checked and 
calibrated. The stroke and temperature were calibrated, 
and Gleeble control programs were written to provide checks 
for their drift from calibration (see Appendix B for 
Gleeble program listings). The force does not drift from 
calibration as easily, but an external load cell was 
prepared to check and calibrate the load cell in the 
Gleeble system.
3.5.3 Lubrication
Initial compression tests were run with tantalum foil 
and no lubrication, and resulted in severe barreling. A 
lubrication study was conducted in order to test the 
effectiveness of many lubrication systems. Lubricants 
tested were: graphite foil, Specialty Glass SP951 powdered
glass lubricant, and DeltaGlaze DG347m glass frit 
lubricant. The graphite foil was used with a flat end 
cylindrical sample, but a geometry modification was 
necessary in order to use the glass lubricants. Samples
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with recessed ends were suggested in works of other 
researchers (27,31,32). The Rastegaev sample (32) has this 
type of geometry and is shown in Figure 3.4, and Weis' 
modification of this design is shown in Figure 3.5. The 
latter design provides more contact area for electrical 
resistance heating.
Samples were heated to 1100°C at 4°C/s, held for five 
seconds, then compressed 40% with constant strain rate of 
1.00 s'1 and cooled at 3°C/s. Several lubrication systems 
were tested. Glass lubricants were used with the recessed 
end geometries discussed above. Since the graphite foil 
appeared to provide the best lubrication, tests at higher 
temperatures were made. While testing at 1150°C, the 
sample reacted with the graphite and surface melting 
occurred.
Nickel plating was tried as a diffusion barrier for 
carbon. Two plating thicknesses were tested, 2 microns and 
20 microns. The 2 micron Ni-plated samples also 
experienced surface melting at 1150°C testing, but the 20 
micron Ni-plated samples did not exhibit any melting. The 
testing temperature was increased to test the limits of the 
Ni-plate barrier. Austenitizing temperatures of 1200°C and 
1225°C were successfully achieved without surface melting. 
Holding time was increased to 30 seconds to check the
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response at extreme conditions, and the sample did not 
experience any surface melting. Due to this evaluation, 
all subsequent compression testing was done with samples 
Ni-plated 20 microns thick.
Tests were run to confirm the importance of reducing 
friction. Two nickel-plated samples of 1522MoV were 
compressed to 70% reduction. One of these samples was 
lubricated with 2 layers of graphite foil, and the other 
one was not lubricated. Stroke, force and temperature were 
monitored and stored on the personal computer with the data 
acquisition system. The Gleeble data from these two tests 
were analyzed and flow stress comparison was made for these 
testing conditions.
FEM modeling of the compression test using NIKE2D (39) 
was performed for eight values of the coefficient of 
friction between the platens and the sample. The values 
used were 0.00, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, and 
0.57. A calculated diameter showing barreling as a 
function of height was determined for each value of the 
coefficient of friction. Figures 3.6 and 3.7 show the FEM 
representation of the compression sample. Due to the 
symmetry of the sample, calculations can be done for a 
quarter sample, as in Figure 3.6. The data can later be 
represented as a full sample as in Figure 3.7. The actual
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Figure 3.6 Representation of a quarter compression 
sample used for FEM analysis by NIKE2D. 
The sample is represented by small 
squares, and the compression surface is 
represented by the large squares.
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Figure 3.7 Representation of a full compression
sample used for FEM analysis by NIKE2D. 
The sample is represented by small 
squares, and the compression surface is 
represented by the large squares.
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diameter of each of the lubrication analysis samples was 
experimentally measured. This was done with a knife edge 
mounted on a digital X-Y stage. Changes in height were 
provided by a Z stage movement. The diameter was measured 
for each sample as a function of the height of the sample. 
The experimental diameter data were compared to the 
calculated diameter for the various friction values 
calculated for that sample's final height. A numerical 
value for the coefficient of friction associated with each 
lubricant was determined based on this comparison.
3.5.4 Sample Geometry
Sample geometries for the present study were 
cylindrical samples 10 mm (0.39 in.) in diameter by 12 mm 
(0.47 in.) height. Samples were machined with flat ends. 
Tantalum foil was placed between the platen and the sample 
to prevent reaction. Graphite foil was used as a lubricant 
since it minimized barreling. All samples were nickel 
plated to provide a carbon diffusion barrier.
3.5.5 Machine Compliance
Load frame compliance can introduce problems to 
compression testing. Small machine displacements can 
introduce errors in the actual amount of strain that the
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sample is experiencing. Fortunately, these displacements 
can be measured for most machines. The Gleeble system jaw 
assembly is a large source of compliance. Figure 3.1 shows 
a schematic of the Gleeble compression chamber.
Stainless steel hot jaws hold the tungsten carbide 
platens. The hot jaws wedge into water-cooled aluminum 
blocks, and are held in place by stainless steel U-jacks. 
Samples are heated by electrical resistance across the two 
jaws and through the sample. The major source of 
compliance in this jaw system comes from the U-jacks and 
the wedge jaws. There is also some movement by the 
tungsten carbide platens in their holders.
Machine stiffness tests were conducted to obtain the 
displacement of the test system as a function of load. A 
plain-carbon steel bar, 31.75 mm (1.25 in.) thick, was 
placed between the platens and compressed at room 
temperature to a full load of 3000 kg (force). The load 
and displacement were monitored by the computer data 
acquisition system during testing. During the first test, 
it was determined that compliance could be reduced by 
tightening the U-jacks and platen holders before each 
compression test. A final compliance test was run with 
these conditions and room temperature compliance data was 
collected (calculations of compliance are presented in
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Appendix A ) .
3.5.6 Gasket Resistance
The Gleeble system provides the ability to control the 
atmospheric conditions during the compression test. Tests 
can be run under a vacuum, or can be surrounded by a 
variety of controlled gas atmospheres. A chamber capable 
of sustaining a high vacuum is included in the Gleeble 
system. This vacuum chamber has been constructed only 
large enough to enclose the jaw assembly, so the movable 
ram must be sealed from the outside air. The sealing 0- 
ring on the movable ram introduces a resistance force to 
the ram movement. Since the load cell is located outside 
the vacuum chamber and in-line on the movable ram, the 0- 
ring resistance is recorded as part of the compression 
force during testing.
This resistance force can be determined prior to 
testing and should be subtracted from each load reading 
during the test. Gleeble control programs were written to 
test the O-ring resistance that is present at each 
compression strain rate to be used (see Appendix B for 
Gleeble program listings). A gasket resistance measurement 
was made each day prior to compression testing, since the 
O-ring condition does vary with use.
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3.6 Compression Testing Procedure
The Gleeble was used to perform compression testing of 
the 1522MoV and 1522MoV-Ti steels. All samples were nickel 
plated and graphite foil was used as lubrication. Tantalum 
foil was placed over the tungsten carbide platen 
compression surfaces. Testing was done in a positive argon 
atmosphere. The stroke movement during compression was 
controlled to give a constant strain rate (see Appendix A 
for development). Each compression test was run under the 
same general procedure of operation of the Gleeble. This 
procedure of operation appears in Appendix C.
3.7 Test Parameters for Compression of 1522MoV and 
1522MoV-Ti
Flow stress and dilatometry tests were made for the 
1522MoV and 1522MoV-Ti steel samples. Austenitizing 
temperatures of 1000°C, 1100°C, and 1200°C, and constant 
strain rates of 1.00, 0.10, and 0.01 s'1 were used. The 
test matrix is shown in Table 3.1. Each sample was heated 
linearly at 3°C/s to the austenitizing temperature, held 
for 5 seconds, compressed 40%, and cooled linearly at 
3°C/s. In the case of testing done at 1100°C and 1200°C, 
the samples were fast cooled from the deformation 
temperature to 1000°C in five seconds before continuing
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1.00 s"1 40% 40% 40%
0.10 s'1 40% 40% 40%
0.01 s'1 40% 40% 40%
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with the linear cool from 1000°C to room temperature.
For a given set of conditions, flow stress testing and 
dilatometry testing were each done with separate samples, 
since the data acquisition system could not take data at 
two different rates. The data for flow stress testing 
occur over time on the order of seconds, whereas the 
dilatometry data in this study occur over time on the order 
of minutes. Separate GPL control programs were used for 
flow stress and dilatometry tests.
The Gleeble control programs for flow stress were set 
up to monitor load, stroke and C-strain during compression. 
The desired output was used to generate a load-displacement 
curve which was transformed to a true stress-true strain 
curve (see Appendix A). The displacement can be measured 
in two ways. Axial (or stroke) measurements are very 
convenient since the compression is being controlled with 
the stroke movement. As discussed above, the stroke 
movement has elements of compliance and O-ring resistance 
that must be corrected before stroke data are used as a 
measure of sample displacement.
Instead of the axial displacement, another method of 
measuring strain is to take diameter readings during 
testing. There are no outside influences since the C- 
strain gauge is directly connected to the sample. If
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sample barreling has been minimized, the diameter reading 
needs no modification before being used to calculate sample 
strain. Stress-strain data calculated from axial 
displacement can be checked by comparing them to data 
calculated from radial displacement measurements taken from 
the same test.
Repeatability of the flow stress tests is of concern, 
since experimental results could be influenced by drift in 
the data caused by inconsistencies in the machine, 
technique, or sample preparation. This repeatability was 
checked by running multiple tests following the same 
testing conditions and technique. Testing was done at 
different times of day, on different days. Seven separate 
tests were run with 1522MoV at 1100°C, and compressed 40% 
with a constant strain rate of 1.00 s"1.
Flow stress testing was done with samples of 1522MoV 
and 1522MoV-Ti according to the test matrix in Table 3.1, 
and testing procedures outlined above. C-strain was not 
used since it was determined that the stroke measurements 
are sufficient to determine the sample stress and strain 
behavior. Stroke and load data were analyzed and true 
stress-true strain were calculated for each test.
Dilatometry testing was done with samples of 1522MoV 
and 1522MoV-Ti according to the test matrix, and testing
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procedures outlined above. The C-strain dilatometer was 
adjusted for maximum sensitivity and linearity for 
dilations after compression and during cooling. Program 
temperature, actual temperature, and C-strain were 
monitored for each test. Program and actual temperature 
was compared to check that each test had a ± 10°C 
temperature control. C-strain versus actual temperature 
data were analyzed to obtain phase transformation start and 
finish temperatures.
3.8 Post-Compression Sample Evaluation
Compressed samples were sectioned longitudinally with 
a Buehler Iso-Met wafer saw and polished to 0.05 micron 
alumina with standard metallographic techniques. Each 
sample was etched in 2% nital for 5 to 20 seconds. Light 
micrographs were taken on the LECO (AusJena) Neophot 21 
metallograph. Rockwell hardness was tested with a LECO R- 
600 hardness tester, diamond indenter, and a 150 g load.
3.9 Austenite Grain Size in Compressed Samples
A series of tests to determine the effect of titanium 
on the as-compressed austenite grain size were made. 
Compression tests were done at 1100°C on both 1522MoV and 
1522MoV-Ti samples. The tests included a 40% compression
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at 1.00 s"1 constant strain rate, at 40% compression at 
0.01 s"1 constant strain rate, and no compression but 
holding the sample for a length of time equivalent to that 
required to compress 40% at either 1.00 s 1 or 0.01 s 1 
constant strain rate. Each of these tests were run with 
the previously described procedure with the exception that 
after compression (or hold) the platens are opened to allow 
the sample to be removed manually and quenched in a small 
container of cold water. One test was run with a 1522MoV 
sample allowing the data acquisition system to monitor the 
actual temperature during the quench. This temperature­
time data were plotted on a CCT diagram of 1522MoV to 
ensure that a martensitic structure was obtained.
Each quench sample was coated with Turco pretreat 
glass coating to prevent oxidation. Samples were then 
tempered at 475°C for 24 hours in a preheated Lindberg box 
furnace. The tempered samples were sectioned 
longitudinally with a Buehler Iso-Met wafer saw and 
polished to 0.05 micron alumina with standard 
metallographic techniques.
A picric acid-based etchant similar to that used in 
the grain size experiment (see section 3.3) was used. An 
industrial detergent, Pilot Chemical Calsoft LAS 99, which 
is actually linear alkyl benzene sulfonic acid (40), can be
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neutralized with sodium hydroxide (NaOH) to form sodium 
dodecylbenzene sulfonate. This detergent is cheaper and 
easier to obtain and gives the same results as sodium 
tridecylbenzene sulfonate.
Etching was done in an ultrasonic cleaner at room 
temperature in 4 minute intervals followed by back-polish 
on the 0.05 micron polishing wheel. Extra care was taken 
to ensure that the samples were ultrasonically cleaned in 
ethanol after polishing stages of 1 micron and 0.05 micron 
alumina, as the alumina particles had the tendency to 
initiate etch pitting.
Etching times varied from 8 minutes total etching time 
to 16 minutes total etching time. Since the activity of 
the solution varies with use, fresh solution was used for 
each sample. Grain size was determined by the mean linear 
intercept method, L3 (38). A 10 cm circle and in two 
cases, a 10 cm line, was laid on the ground glass screen of 
a LECO (AusJena) Neophot 21 metallograph. Grain 
intersections were counted for 20 fields from each sample 
and grain size in microns was calculated.
3.10 Multiple Compression Tests
The effect of titanium was also studied as a function 
of multiple compressions. Flow stress and dilatometry
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testing were performed with samples undergoing double 
compression. Samples of 1522MoV and 1522MoV-Ti were heated 
to 1100°C austenitizing temperature, held for 5 seconds, 
compressed 20%, held again for 4 seconds, then compressed 
20% more to a final 40% overall reduction. Samples were 
rapidly cooled from 1100°C to 1000°C in 5 seconds, then 
cooled linearly to room temperature at 3°C/s.
Flow stress samples were run according to procedures 
outlined above. Constant strain rates of 1.00 s"1 and 0.01 
s'1 were used. C-strain was not used during flow stress 
testing as it was determined that stroke measurement would 
be sufficient to derive accurate stress-strain curves.
Dilatometry testing on these double-compressed samples 
was done according to procedures outlined above. The 
compression stage of these tests were run at 1.00 s"1. The 
C-strain dilatometer was adjusted for maximum sensitivity 
and linearity for dilations after compression and during 
cooling. Program temperature, actual temperature, and C- 
strain were monitored for each test. C-strain and actual 
temperature data were analyzed to obtain the phase 
transformation start and finish temperatures. Rockwell 
hardness was tested with a LECO R-600 hardness tester, 
diamond indenter, and a 150 g load.
Another series of double compression flow stress tests
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were run to study the flow stress behavior at higher total 
strain. Samples of 1522MoV and 1522MoV-Ti were heated to 
1100°C austenitizing temperature, held for 5 seconds, 
compressed 20%, held again for 4 seconds, and compressed 
40% more to a final 60% overall reduction. Samples were 
then fast cooled from 1100°C to 1000°C in 5 seconds then 
cooled linearly to room temperature at 3°C/s. Constant 
strain rates of 1.00 s'1, 0.10 s'1 and 0.01 s'1 were used. 
C-strain was not monitored during this testing because a 
60% total compression would damage the dilatometer. Stroke 
and load data were analyzed and true stress-true strain 
were calculated for each test.
The doubly compressed 60% samples were sectioned 
longitudinally with a Buehler Iso-Met wafer saw and 
polished to 0.05 micron alumina by standard metallographic 
techniques. Each sample was etched in 2% nital for 5 to 20 
seconds. Light micrographs were taken on the LECO 
(AusJena) Neophot 21 metallograph.
3.11 X-ray Analysis of Compressed Samples
X-ray diffraction analysis was performed to determine 
differences in austenite content of the compressed samples 
of 1522MoV and 1522MoV-Ti steel. Transverse sections were 
mounted in bakelite and x-ray analysis was conducted on a
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Rigaku Rotaflex rotating anode x-ray diffractometer. A 
monochromator was used as a filter to allow only Cu Ka (A = 
0.154 nm) radiation to be used for diffraction. A voltage 
of 40 kV with a current of 50 mA was used to generate x- 
r a y s . Scanning was stepped at 0.05° intervals with a 4 
second period for diffracted beam intensity counting.
Samples of 1522MoV and 1522MoV-Ti were analyzed with 
diffracted beam scans from 35° to 120° in 2 6  (d-spacing 
range of 2.561 to 0.889 nm) to analyze for the presence of 
retained austenite and martensite. A fast scan (0.5° step 
with a 1 second count period) of pure bakelite was 
performed over the same angles as the steel samples. This 
was done to check for diffraction peaks from bakelite. X- 
ray spectrum data were analyzed by subtracting background 
radiation, calculating d-spacing, and integrated intensity 
for each diffraction peak.
3.12 Scanning Electron Microscopy
Examination by scanning electron microscopy (SEM) was 
done to obtain volume fractions of microstructural 
constituents. A JEOL JXA-840 Scanning Electron 
Microanalyzer was used to analyze compressed samples (40%, 
1100°C, 1.00 s-1) of 1522MoV and 1522MoV-Ti. The samples 
were polished to 1 micron alumina by standard
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metallographic techniques and were etched with 2% nital. A 
100 point grid was used to determine the volume fraction of 




The chemical compositions of the two steels are listed 
in Table 4.1. Both of these steels are plain-carbon steels 
modified with manganese, vanadium, molybdenum, and, in the 
case of 1522MoV-Ti, titanium. The 1522MoV-Ti is 
approximately the same composition as 1522MoV (with the 
exception of a Ti addition), but with slightly lower Mn, P, 
S, and Cu, and higher Si.
4.2 Quench Experiment
The quench experiment was performed with the 
1522MoV-Ti steel to provide a comparison to previous ASPPRC 
work (10). In that work, Grassl indicated that if bainite 
formed on cooling after holding 1.0 hour at 1100°C, a 
hardness of DPH 260 to 335 (HRC 24 to 34) would be 
exhibited by the steel. Air cooled samples of 1522MoV were 
reported to have hardness values between DPH 261 and 287, 
which fall into the predicted bainite range. Hardness 
values for the 1522MoV-Ti air cooled samples were between 
DPH 259 and 273, which is in reasonable agreement with 
Grassl's predictions relative to 1522MoV (without T i ).
Previous Advanced Steel Processing and Products
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c 0.24 0.244 0.22 0.223
Mn 1.67 1.78 1.53 1.42
P 0.014 0.016 0.011 0.011
S 0.028 0.028 0.021 0.023
Si 0.39 0.414 0.52 0.476
Cr 0.17 0.13 0.13 0. 113
Ni 0. 14 0. 17 0.11 0.11
W --- 0.01 --- 0.001
MO 0.22 0.218 0.23 0.214
Co --- 0.01 --- ---
B --- 0.00196 --- ---
As --- 0.006 --- ---
Sn 0.013 0.015 0.012 0.016
V 0.11 0.13 0.13 0.131
Nb --- 0.003 --- ---
Ti --- 0.004 0.01 0.011
Cu 0.42 0.438 0.26 0.202
Ta --- 0.026 --- 0.028
A1 0.006 0.001 0.007 ---
Zr --- 0.001 --- ---
Ca --- 0.00277 --- 0.00143
N --- 0.0222 --- 0.0122
0 --- 0.0062 --- 0.0056
* P, C, S, N, 0 determined by other methods.
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Research Center work showed that a boiling water quench was 
too fast and that formation of martensite would result with 
the 1522MoV steel (10). This was also observed in the 
1522MoV-Ti steel. Average diamond pyramid hardness (DPH) 
values taken at mid-radius are shown in Table 4.2 for 
various cooling rates for both 1522MOV and 1522MoV-Ti 
steels.
Micrographs of the 1522MoV-Ti steel in the as-received 
condition are shown in Figures 4.1 and 4.2.
Ferrite/pearlite microstructures can be seen in Figures 
4.1a and 4.1b. The banding observed is parallel to the 
rolling direction and results from the
segregation of manganese (19). The microstructure shown in 
Figure 4.1b is coarser than that seen in Figure 4.1a since 
the cooling rate was slower. A fine bainitic structure is 
seen in Figure 4.1c, where the material was air cooled.
The banding is less apparent due to the air cooling.
Figure 4.2a is a higher magnification of the bainitic 
structure seen in Figure 4.1c. A martensitic structure 
similar to that observed and predicted in Grassl's work 
(10) can be seen in Figures 4.2b and 4.2c. The martensitic 
structures resulting from the oil and boiling water 
quenches do not show banding.
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Table 4.2 Diamond pyramid microhardness values: 500
kg load mid-radius average values (1.0 
hour at 1100°C and cooled or quenched as 
indicated).
1522MoV-Ti 1522MOV
As Received 270 ---
Furnace Cooled 209 ---
Air Cooled 268 273
Oil Quenched 426 ---





Figure 4.1 Microstructure of 1522MoV-Ti in the as- 
received condition (a), after furnace 
cooling (b), and air cooling (c) after 
holding for 1 hour at 1100°C. Light 





$ & $ ! % & % * ■OIL QUENCH
BOILING WATER QUENCH
Figure 4.2 Microstructure of 1522MoV-Ti after air 
cooling (a), oil quenching (b), and 
boiling water quenching (c) after 
holding for 1 hour at 1100°C. Light 
micrographs, 2% nital etch.
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4.3 Grain Size Study
The effect of titanium on the prior austenite grain 
size of 1522MoV steel can be seen in Figure 4.3. Note that 
the grain size of the sample without titanium (a) is almost 
twice that of the titanium-modified sample (b).
In Figure 4.4, the 1522MoV and 1522MoV-Ti grain size 
data are plotted as a function of temperature. The effect 
of titanium is similar to that in the 27MnSiVS6 steel 
studied by Engineer (14). Tabular results of both 
experiments are shown in Table 4.3 for comparison. A 
graphical comparison of the results of the present study 
and Engineer's study is shown in Figure 4.5. A partial 
composition of the German steel, 27MnSiVS6, is shown in 
Table 4.4 (2).
4.4 Continuous Cooling Transformation Diagram
Representative microstructures of the samples from the
1522MoV-Ti CCT experiment are shown in Figures 4.6 and 4.7. 
The micrographs are arranged in order of increasing cooling 
rate and indicate changes in microstructure and hardness 
readings. In Figure 4.6a, ferrite (white) is seen in a 
matrix of pearlite (black) and small amounts of bainite 
(gray). The hardness is relatively low as expected from a 
predominately ferritic structure. Figure 4.6b shows less
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Figure 4.3 Prior austenite grains for samples 
austenitized for 1/2 hour at 1200°C. 
a)1522MoV (without Ti), grain size of 
approximately 41 jim; b) 1522MoV-Ti, 
grain size of approximately 20 ^m. 
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Table 4.3 Austenite grain size comparison for
1522MOV and 27MnSiVS6 microalloyed steels 
with and without titanium additions.















1100 28 70 1 6 31
1150 -- 18 33
1200 40 130 20 41
1250 50 180 27 56
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Table 4.4 Nominal chemical composition of 27MnSiVS6 
steel (in weight percent) (2).
27MnSiVS6
c 0.25 - 0.30
Mn 1.3 - 1.6
Mo
Ti 0.015 - 0.0191
V 0.08 - 0.13
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Figure 4.6 Microstructures obtained after
controlled cooling from austenitizing 
temperature of 1093°C. CCT samples 
cooled at a) 0.1°C/s, b) 0.25°C/s, c)
0.5°C/s, d) l°C/s, e) 2.5°C/s, and f) 
5°C/s. Hardness values are shown in 
DPH. 400X, 2% nital etch.
T-3952 79
462 DPH 516 DPH M
10 °C/sec 
479 DPH
!j 25 °C/sec 
519 DPH
Figure 4.7 Microstructures obtained after
controlled cooling from austenitizing 
temperature of 1093°C. CCT samples 
cooled at a) 10°C/s, b) 25°C/s, c) 
50°C/s, and d) 100°C/s. Hardness 
values are shown in DPH. 400X, 2% 
nital etch.
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ferrite and more bainite. The hardness is slightly higher 
due to a higher percentage of bainite. The amount of 
ferrite is still smaller in Figure 4.6c and there is more 
bainite present, as indicated by the higher hardness. 
Figures 4.6d and 4.6e continue the trend of decreasing 
ferrite and increasing bainite and hardness. Figures 4.6f 
and 4.7a show the emergence of martensite in the structure, 
seen as distinct lath-like regions. The hardness has also 
increased by over 100 DPH between 4.6f and 4.7a. Figures 
4.7b, 4.7c, and 4.7d show development to a fully 
martensitic structure and the trend is still toward greater 
hardness.
The CCT diagram for 1522MoV-Ti is shown in Figure 4.8. 
The regions representing ferrite, bainite, and martensite 
are indicated with F, B, and M, respectively. The 
programmed cooling curves are shown and labeled in °C/s. 
Microhardness readings for each sample are indicated and 
labeled in DPH. The AC1 and Ac3 temperatures are also 
plotted as horizontal lines. For comparison purposes, the 
CCT diagram for the 1522MoV is shown in Figure 4.9 (10).
Direct comparison of the two CCT diagrams is made in 
Figure 4.10. The 1522MoV data (shown as dashed lines) have 
been superimposed on the 1522MoV-Ti data (shown as solid 
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a slightly higher temperature than the steel without T i . 
Also, the ferrite, bainite, and martensite transformations 
for the Ti modified steel ended at higher temperatures.
This is most likely due to grain size differences.
4.5 Hot Compression Tests
4.5.1 Lubrication
The lubrication analysis resulted in a test design 
which included the use of a nickel-plated sample with 
graphite foil as the lubricant. Figure 4.11 shows the 
effect on the geometry of the sample after deformation with 
the various lubrications systems attempted. The undeformed 
sample dimensions are 12 mm tall by 10 mm diameter.
The results of the FEM coefficient of friction 
analysis are shown in Figures 4.12 to 4.16. Experimentally 
measured sample diameters for various lubrication systems 
are compared to the FEM generated sample diameters. The 
family of predicted friction curves is different for each 
type of lubricant, since the final heights for the 
experimentally deformed samples were different. These 
predicted curves were based on compression to the actual 
final height of the deformed samples, The FEM profiles 
vary with the coefficient of friction used. Figure 4.17
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f
Unde for m e  cl
Figure 4.11 Deformed specimens from the lubrication 
study. The undeformed sample 
dimensions are 0.39 in. (10 mm) in 












































































































































































































































































































































































































































































































































































































mu = 0 . 0 0
mu = 0 . 5 7
Figure 4.17 Deformed FEM grids resulting from modelling 
of 40% compression with 0.00, 0.10, and 0.57 
coefficient of friction as indicated.
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shows deformed FEM grids for 0.00, 0.10 and 0.57 
coefficient of friction. It can be seen that in Figures
4.12 - 4.16 that the experimental data for each lubrication 
type closely match the shape of one of the generated 
profiles. The coefficient of friction for each lubrication 
system is determined by noting which FEM profile is 
coincident with the experimental data. It can be seen that 
the non-lubricated sample experiences sticking friction, 
and that the other extreme is the Ni plate/graphite sample, 
which has a much lower coefficient of friction. The 
experimental data are nearly coincident with the FEM 
generated profiles for the respective coefficients of 
friction. The comparison results are tabulated in Table 
4.5, and the friction coefficient values range from a high 
of 0.57 with the non-lubricated sample, to a low of 0.10 
for the Ni plate/graphite sample. The Ni plate/graphite 
system had the lowest friction coefficient and resulted in 
minimal barreling. The nickel plating was used to minimize 
the risk of surface melting. Delta Glaze 347m and SP951 
are glass lubricants, and were used with a Rastegaev-type 
(recessed ends) sample (31,32). The recessed ends of this 
type of sample cause heating problems with the Gleeble, 
since there is a reduced contact area for electrical 
resistance heating. The graphite lubrication was used with
T-3952 93
Table 4.5 Coefficient of friction values determined 








flat ends on the samples. The effect of friction on the 
stress-strain curve determination can be seen in Figure 
4.18, where 70% compression was done with a Ni- 
plated/graphite lubricated and Ni-plated non-lubricated 
sample.
4.5.2 Machine Compliance
Room temperature compliance of the Gleeble load frame 
is presented in Figure 4.19. This figure shows the machine 
stiffness as a function of force applied to a steel sample 
at room temperature. U-jacks and platen holders were 
tightened before the test.
4.5.3 Gasket Resistance
A typical gasket resistance determination plot can be 
seen in Figure 4.20. The test was run at 1.00 s_1 constant 
strain rate during compression, held four seconds, then 
returned to zero. This cycle was repeated four times.
Peak compressive force (excluding holding time) is averaged 
for the four cycles. If a system force offset is present, 
it is then subtracted from the average peak compressive 
force to give the gasket resistance force for tests run at
1.00 s'1 constant strain rate. This value is then used 
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4.5.4 Test Parameters for Compression of 1522MoV and 
1522MoV-Ti
The true stress-true strain data calculated from axial 
(diametric dilatometer) data as well as compressive stroke 
data taken from the same compression test can be seen in 
Figure 4.21. These flow curves are nearly coincident.
Seven tests at 1100°C, 1.00 s"1 and 40% compression 
were performed to check the repeatability of the testing 
system. Figure 4.22 shows that there is very little drift 
in the data for the seven tests. At higher strains the 
range in flow strength is about 1.5 ksi. This indicates 
that the repeatability of the test is good.
The data from these tests can be compared to show 
trends associated with austenitizing temperature, strain 
rate, or titanium addition. In Figure 4.23, the effect of 
temperature on flow strength is shown. Each of the three 
plots also shows the effects of titanium addition and 
strain rate at a constant temperature. The titanium 
modified steel has a slightly higher flow strength at 
1100°C and 1200°C. At 1000°C there is no significant 
difference in the flow strength of the steel with or 
without titanium. The trend of decreasing flow strength as 
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The effect of strain rate on flow strength is given in 
Figure 4.24, which shows the effects of titanium addition 
and austenitizing temperature at a constant strain rate.
As seen above in Figure 4.23, faster strain rates result in 
higher flow strength. At the two highest strain rates 
titanium addition causes an increase in the flow strength 
of the steel especially at the higher temperatures. At the 
slowest strain rate (Figure 4.24c) there are oscillations 
in the flow strength during the test.
Dilatometry data were analyzed to obtain bainite 
transformation start and finish temperatures for each test. 
An example of this determination is shown in Figure 4.25. 
Tangents are drawn to the cooling curve to determine where 
the curve deviates from linearity and then returns to 
linearity. The high temperature deviation is the 
transformation start temperature and the lower temperature 
is the transformation finish temperature. Figure 4.25 
shows the bainite start, B and bainite finish, B,' s ' f
temperatures for a compressed sample.
Transformation data for compressed samples, which were 
tested according to the test matrix of Table 3.1, can be 
seen in Table 4.6. Bainite start and finish temperatures 


























































































































Table 4.6 Bainite transformation data for samples 
compressed to 40% reduction.
Test 





Alloy Bs (°C) Bf (°C)
1000
1.00 1522MOV 557 363
1522MoV-Ti 567 400
0.10 1522MOV 540 367
1522MoV-Ti 580 453
0.01 1522MOV 527 363
1522MoV-Ti 567 468
1100
1.00 1522MOV 524 412
1522MoV-Ti 570 400
0.10 1522MOV 530 384
1522MoV-Ti 563 423
0.01 1522MOV 536 364
1522MoV-Ti 564 360
1200
1.00 1522MOV 548 396
1522MoV-Ti 573 424
0.10 1522MOV 532 368
1522MoV-Ti 550 394
0.01 1522MOV 543 360
1522MoV-Ti 557 363
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4.6 Post Compression Sample Evaluation 
Representative microstructures of the samples from the
compression test samples are shown in Figure 4.26. 
Micrographs are shown of the 40% reduction samples.
Figures 4.26a and 4.26b show samples that were deformed at 
1000°C with 1.00 s_1 constant strain rate, and Figures 4.26c 
and 4.26d show samples that were deformed at 1200°C with 
0.01 s'1 constant strain rate. Figures 4.26a and 4.26c 
were taken from samples of 1522MoV and Figures 4.26b and 
4.26d were taken from samples of 1522MoV-Ti.
The effect of titanium on the bainite microstructure 
can be seen as the 1522MoV-Ti samples appear to have 
smaller bainite packet size than the 1522MoV samples. The 
higher temperature, slower strain rate samples exhibit 
larger bainite packet size than the lower temperature, fast 
strain rate samples (see figures 4.26c and 4.26d).
Rockwell hardness values for samples experiencing each 
of the test conditions in Table 3.1 are shown in Table 4.7. 
At each set of conditions, the 1522MoV samples show higher 
hardness than the 1522MoV-Ti samples.
4.7 Austenite Grain Size in Compressed Samples
The results of the austenite grain size study of 
compressed samples is shown in Table 4.8. Grain size is
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1522MoV 1522MoV-Ti
Figure 4.26 Representative microstructures of 1522MoV (a) 
and (c), and 1522MoV-Ti (b) and (d) 
compressed to 40% reduction. Samples (a) and 
(b) were deformed at 1000°C with 1.00 s'1 
constant strain rate; samples (c) and (d) 
were deformed at 1200°C with 0.01 s"1 constant 
strain rate.
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Table 4.7 Rockwell C hardness values for samples 









































0.01 1522MOV 30. 1
1522MoV-Ti 23.7
A randomly oriented 10 cm line was used instead 
of a 10 cm circle, since preferential etching 
occurred in bands.
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shown for samples of 1522MoV and 1522MoV-Ti. Each of the 
1522MoV-Ti samples show a smaller austenite grain size than 
the 1522MoV samples experiencing the same test conditions.
4.8 Multiple Compression Tests
4.8.1 The 20% + 20% Double Compression
Flow strength curves for the 20% + 20% samples are 
shown in Figures 4.27 and 4.28. These figures illustrate 
flow behavior for 1522MoV (solid line) and 1522MoV-Ti 
(dashed line) when heated to 1100°C, compressed 20%, held 4 
seconds, then compressed 20% more to a total 40% reduction, 
with compression done at constant strain rates of 1.00 s"1 
and 0.01 s"1, respectively. In both figures, the 1522MoV- 
Ti steel has a higher flow stress.
Dilatometry data were analyzed to determine the 
bainite transformation start and finish temperatures at 
1100°C austenitizing temperature and 1.00 s"1 constant 
strain rate. The transformation data are listed in Table 
4.9. Bainite start and finish temperatures are higher for 
1522MoV-Ti than for 1522MoV.
Representative microstructures of samples from the 20% 
+ 20% double compression test are shown in Figure 4.29. 
Samples were deformed at 1100°C with 1.00 s'1 constant
T-3952
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Table 4.9 Bainite transformation data for double 













Figure 4.29 Representative microstructures of
1522MOV (a), and 1522MoV-Ti (b) double 
compressed 20% + 20% reduction.
Samples were deformed at 1100°C with
1.0 s'1 constant strain rate.
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strain rate. Figure 4.29a shows the microstructure of 
1522MoV and Figure 4.29b shows the microstructure of 
1522MoV-Ti. The effect of titanium on the bainitic 
microstructure results in a slightly smaller bainite packet 
si z e .
Rockwell hardness values from samples of this test are 
shown in Table 4.10. The 1522MoV sample shows higher 
hardness than the 1522MoV-Ti sample.
4.8.2 20% + 40% Double Compression Tests
Flow stress curves for the 20% + 40% samples are shown 
in Figures 4.30 - 4.32. These figures illustrate flow 
stress behavior for 1522MoV (solid line) and 1522MoV-Ti 
(dashed line) when heated to 1100°C, compressed 20%, held 4
seconds, then compressed 40% more to a total 60% reduction,
with compression done at constant strain rates of 1.00 s'1, 
0.10 s'1, and 0.01 s'1, respectively. In Figures 4.30 and 
4.32, the 1522MoV-Ti steel shows a higher flow stress than 
the 1522MoV steel. Figure 4.31 shows the 1522MoV steel 
having a slightly higher flow stress than the 1522MoV-Ti 
steel. The relaxed stress level is the same for both 
1522MoV and 1522MoV-Ti at each strain rate. Since the 
samples are constrained during the hold between 
compressions, the load reduces, but the strain value does
T-3952 120
Table 4.10 Rockwell C hardness values for double 




































> cn 4j (0o j-> p
s cnCN 0 cCN E-t
in 03rH
• 4JMH cn cno 0r—1 044->G<x> E 03o 03 4-)rt* cn in
c+ '— '0cn u<*> 0O c 73CN •H c' 'i-H 03
C 73 0O 0 P  .•H x: 3(0 cn 4JU3 03 03Q) 73 p>4
CL 0aE •H £O  EH 0U 1
> 4->
0 o O'Gja cn
D CN O'O in 1473 -h 04-4H  73
O c u4-4 (0 oO
£ o
4-> cn rHCT> <1) •—( •
C c iQ) •H M  0
H  i—l O
-P 4-4 O
cn 73 o
•H c  •£ -H 5 -•









































































































































































































































































not decrease. This forms a "dip" in the flow stress curve.
4.9 X-ray Analysis of Deformed Samples
X-ray data is shown in Figures 4.33 and 4.34 for the 
full scan (35° to 120° 2 6 ) of 1522MoV and 1522MoV-Ti, 
respectively. These plots show the presence of ferrite and 
retained austenite in both steels.
4.10 Scanning Electron Microscopy
SEM micrographs of 40% compressed samples of 1522MoV 
and 1522MoV-Ti are presented in Figure 4.35. The dark, 
recessed structure is ferrite and the light phase consists 
of other constituents. A smaller volume fraction of 
ferrite is seen in 4.35a than in 4.35b. Point counting 


































































































































































Figure 4.35 SEM micrographs of a) 1522MoV b) 
1522MoV-Ti steel. Samples were 
compressed 40% at 1100°C forging 
temperature and a constant strain rate 
of 1.00 s'1. The dark phase is 




In this chapter, the implications of the test results 
will be discussed. Titanium effects on grain size, phase 
transformations, flow stress, hardness of the bainite, and 
microstructure will be addressed as well as practical 
implications of the use of Ti modified 1522MoV steel.
5.1 Grain Size
The prior austenite grain size is smaller in the 
1522MoV-Ti steel than in the 1522MoV steel. This is the 
case in both uncompressed and compressed samples. The 
refinement of the austenite grain size can be attributed to 
the titanium carbonitride particles present at forging 
temperatures. This fine dispersion of particles causes 
pinning of the growing austenite grains, resulting in a 
smaller grain size. Many researchers have noted this 
behavior in Ti-modified microalloyed steels (2,7,14).
A comparison of the prior austenite grain size of 
samples heated and compressed in the Gleeble can be seen in 
Figure 5.1. This comparison shows the effects of the 
compression time, the amount of compression, and the 
titanium addition on the 1522MoV steel. Short hold times 
or fast strain rates are seen to result in a smaller grain 


















































































































the forging temperature. The austenite grains have a short 
period of time for growth. Longer times at forging 
temperature provide an environment suitable for austenite 
grain growth.
Samples compressed to 40% reduction at a fast strain 
rate (short time) show a smaller prior austenite grain size 
than samples which are held but not deformed for the same 
time. The time is too short for significant grain growth. 
Samples compressed 40% at slow strain rate (long time) show 
a larger prior austenite grain size than uncompressed 
samples held for the same time. This difference in grain 
size can be attributed to the nucleation of new grains due 
to the deformation of the austenite grains, and the long 
time for compression, which is very favorable to grain 
growth. The effect of titanium is to reduce the prior 
austenite grain size. In each case, the 1522MoV-Ti sample 
has a smaller grain size than its 1522MoV counterpart.
5.2 Continuous Cooling Transformation
A comparison of the CCT diagrams for 1522MoV and 
1522MoV-Ti is made in Figure 4.10. The Acl and Ac3 
temperatures for 1522MoV-Ti are higher than for 1522MoV. A 
general trend is also seen, where the ferrite, bainite and 
martensite start temperatures are slightly higher for the
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1522MoV-Ti steel than for the 1522MoV steel. The ferrite 
bainite and martensite finish temperatures are higher for 
the 1522MoV-Ti steel than for the 1522MoV steel. This 
apparent "upward movement" of the CCT diagram by the 
addition of titanium is most likely due to the austenite 
grain refinement effects of titanium. The titanium 
carbonitrides cause grain boundary pinning. This results 
in smaller austenite grains prior to cooling (7). During 
cooling, the austenite decomposes to form other phases. 
Smaller grains will have more nucleation sites for 
austenite decomposition reactions. Hence the 
transformation temperatures are higher for the titanium 
modified steel.
The higher transformation temperatures for the 
1522MoV-Ti steel are most likely due to the finer grain 
size of the Ti modified material. Since the 
transformations from austenite usually start at prior 
austenite grain boundaries, it is logical that it would 
take less time (i.e. higher temperatures) to transform 
completely a smaller grain size material as in the 
1522MoV-Ti.
There are apparent discrepancies between the ferrite 
regions seen in the micrographs of Figures 4.6d, 4.6e, and 
the l°C/s and 2.5°C/s cooling curves in Figure 4.8.
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Ferrite is present in the micrographs, but no ferrite 
region is shown on the CCT diagram for those cooling rates. 
The ferrite region indicated in Figure 4.8 was determined 
by using a radial dilatometric device which is accurate to 
dilation changes related to about 5 percent ferrite. Also, 
this steel has been shown to have banded regions, which can 
cause inhomogeneous transformations. The ferrite in the 
micrographs could also be accicular ferrite, which is 
similar to bainite.
5.3 Hot Compression
Results from flow strength tests are presented in 
Figures 4.23 - 4.24. These flow strength curves show the 
effect of titanium, strain rate and temperature on the flow 
strength of 1522MoV steel.
A comparison of 1522MoV with and without titanium 
addition shows a slight increase in flow strength for most 
of the titanium modified samples. This trend is contrary 
to generally observed high-temperature relations of stress 
and grain size. High-temperature creep studies indicate 
flow strength to decrease with decreasing grain size (20). 
In the case of the present study, the austenite grain size 
is smaller for the titanium-modified steel at a given 
forging temperature. Tests at 1000°C do not show a drastic
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flow strength difference between the titanium modified and 
unmodified steel, most likely because the effect of 
titanium on the grain size at 1000°C is slight. Figures 
2.2, 4.4 and 4.5 illustrate this point. They show that the 
effect of titanium on grain size is greater at higher 
austenitizing temperatures.
The strain rate used during forging also affects the 
flow strength of the material. Higher flow strength is 
observed in Figures 4.24a and 4.24b, where higher strain 
rates are used. Plastic deformation of the austenite 
grains takes place followed by recrystallization and grain 
growth. Again, the smaller grains in the titanium modified 
steel yield higher strain hardening and flow stress. At 
slow strain rates, the sample is compressed slowly at the 
forging temperature. Plastic deformation of the austenite 
grains happens very slowly and some grains recrystallize 
and grow, thereby lowering the stress during the test.
This process results in a fluctuating flow strength.
Flow strength curves for tests done at slower strain 
rates also exhibit oscillations or variations of strength 
during deformation. This is most likely due to dynamic 
recrystallization. Grain boundary migration is occurring 
due to the strain energy differences between deformed 
grains and the new dislocation-free nuclei. Strength
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increases as the dislocation density increases due to the 
applied strain, but grain boundary migration allows these 
dislocations to be relieved, thereby decreasing the 
strength. Dislocations build up again as strain is 
continually applied and this cycle repeats. A softening 
and hardening cycle or oscillation is observed due to the 
build-up and relief of dislocations (41).
5.3.1 Double Compression Tests
The comparison of single and double compression flow 
strength data are shown in Figures 5.2 and 5.3. Agreement 
can be seen between the curves up to 0.25 true strain. The 
second compression of the double compression test shows 
that a higher flow stress is attained. The higher strain 
hardening rate is possibly due to a partial or fully 
recrystallized structure that develops during the hold 
between compressions. This recrystallization can result in 
a finer structure for the double compression sample than 
for the single compression sample.
5.3.2 Strain Rate Sensitivity
Flow strength and strain rate during hot deformation 
are typically related by a power law equation (20). This 
relationship is a = Ccm where C is a strength coefficient 
and m is the power law exponent. The slope of a log o
T-3952
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versus log e plot can be used to determine m. Flow 
strength values were taken from the test data for each 
temperature at a total strain of 0.3 to produce such a plot 
(see Figure 5.4).
Values of C and m determined by linear regression of 
all points at a common temperature are tabulated in Table 
5.1. Although the flow strength for the titanium modified 
1522MoV steel is higher at 1100°C and 1200°C, the small 
number of strain rates used during testing precluded a 
separation of these differences in determining the power 
law constants. Hence a single regression line was used to 
characterize both the 1522MoV steel with and without 
titanium as seen in Figure 5.4.
The power law parameters (C and m values) for 1522MoV 
are consistent with published values for other forging 
steels (42). At the same strain and temperature 
conditions, 1045 steel exhibits a decrease of C from 24.6 
at 1000°C to 10.8 at 1200°C, and an increase of m from 
0.110 at 1000°C to 0.180 at 1200°C. These results compare 
favorably to the experimental data for 1522MoV and 1522MoV- 
Ti as shown in Table 5.1. The experimental data indicate a 
small scatter with respect to m, but this is within 
reasonable experimental limits.
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Table 5.1 Summary of C and m values for 1522MoV and 










5.4 Bainite Start Temperature
The Rockwell C hardness of the 40% reduction single 
compression samples is tabulated in Table 4.7. Bainite 
transformation start temperatures were also determined and 
tabulated in Table 4.6 for samples experiencing the same 
compression conditions. A comparison of 1522MoV and 
1522MoV-Ti samples can be made by plotting the bainite 
start temperature against the Rockwell C hardness for each 
test. This plot is shown in Figure 5.5. This plot clearly 
shows a separate grouping of the 1522MoV and 1522MoV-Ti 
data. The 1522MoV-Ti data are generally lower in hardness, 
but have a higher Bg temperature. Three strain rates were 
used at each forging temperature for each material. This 
may account for some of the scatter in the data.
The 40% reduction double compression samples were also 
analyzed in the same fashion to give Rockwell C hardness 
and bainite transformation start temperature. In Figure 
5.6, double compression data for 1.00 s'1 constant strain 
rate are shown together with single compression data. The 
double compression data follow the same trend as the single 
compression data. The transformation temperatures are 
higher, due to more rapid transformation of deformed 
austenite. The trends shown by these plots seem to 
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expected to increase with smaller grain size, but in 
Figures 5.5 and 5.6, the material which has a finer 
structure (1522MoV-Ti) shows lower hardness. The 
microstructures of these materials show a difference in 
volume fraction of ferrite. The 1522MoV-Ti has a higher 
volume fraction of ferrite than the 1522MoV steel. A steel 
with a more ferritic microstructure is a softer material as 
compared to a steel with less ferrite. The hardness 
differences between 1522MoV and 1522MoV-Ti could be 
rationalized in terms of the ferrite content.
5.5 X-Ray Diffraction
The results of the X-ray diffraction from compressed 
samples of 1522MoV and 1522MoV-Ti indicate that there is 
ferrite and retained austenite present in both samples. It 
is possible that martensite is also present in these 
microstructures. There was no strong evidence of cementite 
or other carbides in the diffraction data.
The SEM point count analysis showed that the 1522MoV 
steel contained more ferrite than the material without Ti. 
The non-ferrite constituent has not been definitely 
determined. It is possible that martensite, austenite, 
carbides and traditional bainite are present in this 
structure.
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The higher hardness of the 1522MoV compression samples 
could be due to the amount of this second constituent that 
is present in the final structure, especially if it 
contains significant amounts of martensite. It is 
difficult to distinguish martensite diffraction peaks from 
ferrite peaks in a diffraction pattern for a steel sample 
(43). At large diffraction angles, due to the high 
resolution, ferrite should exhibit sharp peaks. The 
broadening of these large angle peaks as seen in Figures 
5.7 and 5.8 may be caused by the diffraction from a 
martensitic structure in the material. The location of the 
diffraction peaks based on lattice parameter calculations 
are shown as straight lines. The diffraction from the Cu 
K , radiation is shown as a solid line, and the dashed linea 1 ’
is the position that would be expected from the Cu Ka2 
radiation. The lattice parameters used for these 
calculations were adjusted for alloy composition (18, 19, 
44). The potential reason for the discrepancy between the 
theoretical peaks and the experimental peaks could be due 
to residual stresses imposed during cooling.
Mossbauer spectroscopy, scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) may verify 
the presence of martensite. These methods might be able to 
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the role of individual constituents in these 
microstructures.
5.6 Practical Implications
This study has shown that the strength and high 
temperature mechanical behavior of titanium modified 
1522MoV steel is similar to 1522MoV without T i . The Ti 
additions result in smaller prior austenite grain size and 
faster transformation to resulting phases on cooling. The 
smaller grain size and faster transformations on cooling 
should give the 1522MoV-Ti steel a better toughness.
Smaller grains provide a more difficult crack propagation 
path and therefore increase fracture toughness. An 
intermediate or bainitic structure also aids in increasing 
fracture toughness, since bainite does not cleave as easily 
as pearlite and is not as brittle as martensite.
It appears that this decreased grain size has little 
effect on forgability. Both steels exhibit a lower flow 
strength when compressed at high temperatures and/or slow 
strain rates. Double compression (20% + 20%) and (20% + 
40%) tests indicate that the overall flow strength is 
nearly the same as single compression samples of either 
steel.
Due to sample size limitations, the determination of
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toughness of compressed Gleeble samples is not possible, 
but it is believed that the smaller austenite grain size 
should provide a forged part with better toughness.
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6.0 CONCLUSIONS
This chapter presents the conclusions that are 
indicated by this work. Future work is also suggested.
6.1 Conclusions from This Work
1. At higher temperatures ( 1200°C, 1300°C), titanium 
additions to 1522MoV steel have the effect of reducing the 
austenite grain size.
2. The flow strength of 1522MoV and 1522MoV-Ti are 
approximately equal within the temperature range of 1000°C 
to 1200°C, and strain rates from 0.01 to 1.00 s'1.
3. The flow strength was approximately the same for 
single (40%) and double (20% + 20%) and (20% + 40%) 
compression samples.
4. Samples compressed with double reduction (20% + 
20%) show a higher bainite transformation start temperature 
than samples compressed with single reduction (40%).
5. Higher hardness in the bainitic microstructure 
after compression is seen in 1522MoV steel as compared to 
1522MoV with titanium.
6. The Gleeble 1500 can be used to obtain compressive 
stress-strain behavior of steel samples at a variety of 
temperatures and strain rates.
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6.2 Suggested Future Work
It is suggested that further work be done to check the 
effect of titanium additions on the as-forged toughness of 
1522MoV steel. Production size forgings could be made from 
samples of 1522MoV and 1522MoV-Ti on a commercial scale 
forge. Standard Charpy V-notch and/or short-rod specimens 
could then be machined from these forgings and tested to 
give trends in as forged toughness of these steels.
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APPENDIX A: Analysis of Gleeble Data
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The Gleeble outputs three values: P, £' Do which are
defined as follows
P = load - units of kg-force 
£' = stroke - units of cm 
D' = C-strain - units of mmO
The value of D' is available only if the C-strain 
dilatometer is attached during testing.
With an initial sample geometry of 1.0 cm diameter and
1.2 cm length the following equations are used to calculate 
the stress-strain behavior of the material for the raw data 
generated by the Gleeble.
A.l True Stress and True Strain
The engineering strain is defined as
with A Si being the change in length of the sample and Jio 
being the initial length of the sample.
Engineering stress is defined as
S = —  (A - 2 )
K
with Ao being the initial cross sectional area of the 
sample.
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The axial true strain for uniform deformation is given
by
e = ln-^L = ln( 1 + e) (A-3)
where Z  is the instantaneous length of the sample.
For uniform deformation true stress can be calculated 
as follows
a = S * exp(£) = S (1 + e) (A-4)
The calculation of the diametrical strain based on the 
c-strain measurement is given below.
The diametrical engineering strain is
where Ad  is the change in diameter and Do is the original 
diameter of the sample.
By constancy of volume
V = VD (A-6)
where Vo is the initial volume of the sample and V is the 
instantaneous volume, one can obtain
D 2Z  = D2£ (A-7)O o
where D is the instantaneous diameter.
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This can be written as
R = (I")’1
Since diametrical true strain is given by
_ _ D
e = In —  D
one can obtain
edia 2 ln £
which is equivalent to
£2edla = ln_f dia £
or






Equation (A-12) gives the relation between the 
diametrical strain and axial strain:
2edia = ~£i (A-13)
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A.2 Adjustments, Offsets and Compliance Correction
Offsets, adjustments, and unit conversions need to be 
made to determine stress values from the data generated on 
the Gleeble. There is a force needed to overcome the 
resistance from the O-ring seal, P „ e. The initial stressRES
on the sample is assumed to be elastic. This initial 
stress is needed to hold the sample in the jaws while 
heating. This stress o z can be calculated as
where PUT„ is the minimum load in the data file (i.e. theMIN
initial load imposed on the sample).
The initial strain is calculated by
where E is the elastic modulus of the material.
The initial displacement A£ due to this initial 
elastic strain is determined by
ai (A-15)e i E
(A - 16)
The machine stiffness (or compliance) is determined 
from a compliance curve. The measured displacement is
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composed of two parts: the sample displacement and the
displacement due to the machine.
^•^meas = ^^mach + ^^sample ( ^ “ 1 7 )
A£ is determined from the test values by takinq A£'meas -1
and subtracting the initial stroke offset value, £ . .' min
A machine stiffness test was conducted to obtain a 
compliance curve as shown in Figure 4.19. A plain-carbon 
steel bar was used with £o = 3.175 cm (1.25 in.), E =
2 X 105 Mpa (29 X 106 psi), and an effective compression 
area, Ao = 2.89 cm2 (0.448 in.2). With the assumption that 
sample deformation is elastic, the sample displacement is 
calculated as follows.
A£sa„Pl. = (A" 18)
Expressing A£ , as a function of force, one can*• -* sample
obtain for the test sample used
^sa„pie = 8.339 X 10-e • P (A-19)
For this test sample, the slope of the force- 
displacement curve (Figure 4.19) was determined from linear
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regression to be
m = 39285.31 iSi (A-20)cm
Expressing A£ as a function of force, one obtainsc meas '
A£ , = 1  • P = 2.545 X 1(T5 —  • P (A-21)m kg
By using Eq. (A-17), solving for A£ , and 
substituting in E q s . (A-19) and (A-21), one gets the 
machine displacement as a function of force
A£ „ = A£ - A£ . = 2.537 X 10'5 £5! • P (A-22)mach meas sample j^g v 7
Now A£ . is subtracted from each stroke value tomach
obtain the actual displacement of the sample.
A . 3 Stress and Strain Calculations from Gleeble Data 
With all of the adjustments and offsets described 
above, the stress and strain calculations from the Gleeble 
data are as shown.
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Axial engineering strain is calculated as
e  _  ^  m i n )  +  ^ ^ 1  “ ^ A n a c h  (A~2 3)
Engineering stress is calculated as
(P - P )s  =  I r e s ) (A-24)
Axial true strain for uniform deformation is 
calculated as
e = ln( 1 + e) (A - 2 5 )
For uniform deformation true stress is calculated as
o = S * exp(e) (A-26)
The calculation of diametrical strain based on the C- 
strain measurement is given below.
Diametrical engineering strain is calculated as
(D' - D'min) 
D 'edia = J _  MIN/ (A-27)
where D' is the minimum C-strain in the data file.
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Engineering stress is calculated as before
True diametrical strain for uniform deformation is 
calculated as
edia = (ln(l + edla)l * 2 (A-29)
For uniform deformation true stress is calculated as
o = S * e x p ( -£dia) (A-30)
It should be noted that the true diametrical strain 
has no offsets or adjustments and directly reflects the 
material strain during the test.
A. 4 Stroke Control for a Constant Strain Rate
Due to strain rate dependence at high temperatures, 
testing was done with a constant strain rate. The 
development of the stroke movement to achieve this constant 
strain rate is given below.
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Axial engineering strain is defined as
e = ^  (A-31)
‘*'0
with A£ being the change in length of the sample and £o 
being the initial length of the sample.
Strain rate is defined as
e = (A-32)dt
where t is time.
For a desired constant axial strain rate
e = constant = K = **£/£ (A-33)dt
This can be written as
K dt = d L/SL (A-34)
or
K t = ln-i (A-35)
where
•e0 = -e|« (A -3 6 )
but
Z. = £0 + A£ (A-37)
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Eq. (A-35) can be written as
simplifying
t = i l n j £  = J : l n ( l  + 4?) K £ K v £ '
A PKt = m  (i + “ )
taking the exponential of both sides yields
eKt = 1 + —  
I
or
eKt - 1 = —  (SL
simplifying to give the final form
A£ = £0 (eKt - 1) (
where
A£ = change in length of the sample (stroke change), 
£o = original length of the sample,
K = constant strain rate, 
t = time, and







APPENDIX B: Gleeble Program Listings
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The following program listings are examples of the 
programs that were developed during the course of this 
research. They utilize Gleeble system's Gleeble 
Programming Language (GPL) utility (45). These GPL 
programs control the Gleeble System and acquire the data on 
the IBM PC AT computer.
Each program consists of a header which includes the 
program name, date, and column headings for the program 
lines. A comment block follows; where data channel 
connections, scales and ranges are defined, duration of 
data acquisition, and a brief description of the programs 
function is given. The executable GPL program lines follow 
the comments. A detailed description of the syntax and the 
capabilities of GPL is given in reference (45).
B.l Calibration
B.1.1 Stroke Test
This program is used to test the accuracy of stroke 
movement. Distance of movement can be changed in lines 3 
and 4, in the MODE column. Data acquisition is turned on 
in line 2.
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PR06RAM : SKTST 
PT. I TIME
NECH RANGE = -5 - +5
TEMP (MODES MECH (NO. OF( RETURN* CONTROL
I ! L o o p s  I p o i n t  I s n i t c h e s  o n
DATA ACQUISITION PARAMETERS AS OF 8/24/1990
CHANNEL CONNECTION SCALE UNITS
1 C - STRAIN 1.00 ••

















GPL PROGRAM USED TO TEST STROKE CALIBRATION 
PLATENS ARE MOVED 1 CM IN COMPRESSION.
SET PLATENS TO 2 CM SEPARATION BEFORE STARTING TEST.
0001 ; 00 0:01 .000 : oooo SK 00.000 — — 0
0002 ! 00 0:01 .000 ! 0000 ; sk 00.000 — — ; 0 ,1 ,3 ,5 ,1 2
0003 0 0 0:0 5 .0 00 0000 SK -01.000 — — 0 ,1 ,3 ,50004 : 01 0 :0 0 .0 00 0000 SK -01.000 — — 0 ,1 ,3 ,5
0005 : 01 0 :0 0 .0 00 : oooo SK -01.000 — — 0 ,1 ,3 ,5
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B.1.2 Temperature Test
This program is used to test the accuracy of 
temperature control. The low holding temperature can be 
changed in lines 3 and 4, in the TEMP column. The high 
holding temperature can be changed in lines 5 and 6, in the 
TEMP column. Holding and heating times can be changed in 
the TIME column.
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PR06RAH : TEHPTST HECH RAN6E = -5 - +5 
PT. I TIHE I TEHP IHODEI HECH (NO. OFI RETURN! CONTROL 
I I I (LOOPS I POINT I SNITCHE5 ON
DATA ACQUISITION PARAHETERS AS OF 10/11/1990
1NNEL CONNECTION SCALE UNITS
1 TEHPERATURE 1000.00 xCelsius










CLOCK PERIOD 11910.0 fS
TOTAL SAHPLIN6 RATE 83.9631 HERTZ
CHANNEL SAHPLINS RATE 41.9815 HERTZ
8PL PR08RAH USED TO TEST AND ASSIST IN ADJUSTHENT OF THE THERHAL 
CONTROL. USES NORHALLY LOADED SAHPLE.
DIAL T-SERVO TRIH TO HIDDLE DIAL RANGE, THEN AT THERHAL 
HOLDS OF THIS PR06RAH, ADJUST HEATING NITH THE T-SERVO ZERO. 
HINOR THERHAL DIFFERENCES AT HIGH TEHPERATURE CAN LATER 
8E ADJUSTED DURING TEST1N6 BY TURNIN6 T-SERVO TRIH.
H H
0001 000:01.000 1 OOOO 1 SK i 00.000 1 _____ ; ___ _ ; 2
0002 000:10.000 ’ OOOO I SK 00.000 — ----- 0,2,3
0003 001:00.000 [ 0200 1 SK 00.000 ; ----- ----- 0,1,2,3,12
0004 001:00.000 0200 i SK 00.000 ----- ----- 0,1,2,3
0005 001:00.000 : 1100 1 SK 00.000 -- ----- 0,1,2,3
0006 001:00.000 1100 1 SK 00.000 ----- ----- 0,1,2,3
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B.1.3 Compliance Test
This program is used to test the room temperature 
compliance of the Gleeble system. The maximum force can be 
changed in line 3, in the MECH column. The time to 
compress can be changed in line 3, in the TIME column.
Data acquisition is turned on in line 2.
T-3952 173










DATA ACQUISITION PARAHETERS AS OF 8/29/1990
HH CHANNEL CONNECTION SCALE UNITS
HH
H H 1 C - STRAIN 1.00 ■■
♦♦♦♦ 2 STROKE 1.00 c»




H it 7 NONE











♦ m  GPL PR06RAH USED TO C0HPRESS A RIGID BAR UNDER FORCE CONTROL 
» m  TO 3000 K6 FORCE. HON I TOR STROKE AND FORCE FOR COHPLIANCE 
* m  HEASUREHENTS AT ROOH TEHPERATURE 
m t
0001 I 000:01.000 I 0000 I FR I 00.000 I -—  | -—  | 0
0002 | 000:01.000 I 0000 I FR I 00.000 I -  | - - -  I 0,1,3,5,12





B.1.4 Gasket Resistance Test
This program is used to test the gasket resistance 
force of the vacuum chamber seal on the moveable jaw ram. 
Strain rate is controlled by incrementing time and stroke 
movements to follow a constant strain rate. The TIME or 
MECH columns in Lines 3 - 4 5  can be altered to produce a 
different strain rate or reduction. These steps are the 
same as those used for an actual compression test. No 
heating is used, temperature is zero. Data acquisition is 
turned on in line 2.
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PROGRAM : FRCTSTA HECH RAM6E * -5 - *5
PT. I TIHE I TEHP IHODEI HECH (NO. OFI RETURNI CONTROL 
I I I ft (LOOPS t POINT I SNITCHES ON
HH
t*t* DATA ACQUISITION PARAHETERS AS OF 8/24/1990
MM CHANNEL CONNECTION
t ttt









t**t HOURS HINUTES SECONDS












































CLOCK PERIOD 99.8 fS
TOTAL SAHPLIN6 RATE 10025.0627 HERTZ 
CHANNEL SAHPLIN8 RATE 3341.6876 HERTZ
SPL PROGRAH TO HEASURE THE GASKET FRICTION OF THE VACUUH CHAHBER 
PLATENS ARE POSITIONED 12 HH APART BEFORE TEST IS RUN.
STROKE NILL CYCLE THR0U6H THE HOVEHENT OF A 401 COHPRESSION 
AT 1/S CONSTANT STRAIN RATE, AND RETURN TO START POINT (4 TIHESI 
**4*4 NO SAHPLE **1 It* NO HEAT **«
000:01.000 0000 SK 00.000 ----- ----- 0
000:01.000 0000 : sk 00.000 ; ----- ----- : 0,1,3.12
000:00.041 0000 SK -00.048 ----- ----- ' 0,1,3
000:00.042 ! 0000 ! SK -00.096 [ ----- ----- t 0,1,3
000:00.045 oooo SK -00.144 ----- ----- ! 0,1,3
000:00.046 [ oooo ! SK -00.192 [ ----- ----- [ 0,1,3
000:00.049 oooo SK -00.240 ----- ----- ’ 0,1,3
000:00.051 : 0000 1 SK -00.288 ----- ----- 1 0,1,3
000:00.055 oooo SK -00.336 ----- ----- 0,1,3
000:00.057 ! 0000 1 SK -00.384 ----- ; — 1 0,1,3
000:00.060 oooo SK -00.432 ----- — ; 0,1,3
000:00.065 : oooo i SK -00.480 ; ----- — I 0,1,3
000:01.000 oooo : sk 00 .000 ----- — t 0,1,3
000:00.041 ' oooo 1 SK -00.048 ----- : — 1 0,1,3
000:00.042 oooo SK -00.096 ----- — 1 0,1,3
000:00.045 oooo 1 SK -00.144 [ - - — I 0,1,3
000:00.046 oooo SK -00.192 ----- — [ 0,1,3
000:00.049 oooo 1 SK 1-00.240 - - 1 — I 0,1,3
000:00.051 oooo SK -00.288 ----- — 1 0,1,3
000:00.055 oooo : SK -00.336 ----- — 1 0,1,3
000:00.057 oooo : SK -00.384 ----- — 1 0,1,3
000:00.060 oooo 1 SK -00.432 ----- ; ----- I 0,1,3
000:00.065 oooo SK -00.480 ----- ----- 1 0,1,3
000:01.000 oooo : sk 00.000 ----- ; ----- 1 0,1,3
000:00.041 oooo SK -00.048 ----- ----- ’ 0,1,3
000:00.042 oooo SK -00.096 ----- ----- 1 0,1,3
000:00.045 oooo SK -00.144 ----- ----- : 0,1,3
000:00.046 oooo SK -00.192 ----- ----- 1 0,1,3
000:00.049 oooo SK -00.240 ----- ----- 1 0,1,3
000:00.051 oooo SK -00.288 ----- ----- t 0,1,3
000:00.055 oooo SK -00.336 ----- ----- 0,1,3
000:00.057 oooo SK -00.384 ----- ----- I 0,1,3
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PROGRAM : FRCTSTA HECH RAN6E » -5 - *5




0033 000:00.060 OOOO SK -00.432 — - - - - - -
0034 000:00.065 ; o o oo SK -00.480. 1 - - - - - - - - - -
003S ! 000:01.000 1 oo o o SK 1 00.000 1 - - - - - - -
0036 000:00.041 o o o o SK 1-00.048 1 - - - - - - -
0037 000:00.042 ; o o oo ; sk [-00.096 1 . . . . - -  I
0 0 3 8 000:00.045 1 o o oo : sk 1-00.144 ! — - —  ;
0 0 3 9 I 000:00.046 oo o o 1 SK 1-00.192 1 - - - - - —  [
0040 ! 000:00.049 oo oo : SK -00.240 1 - - - - - —  [
0041 1 000:00.051 o o oo 1 SK 1-00.288 1 — - 1 —  i
0042 000:00.055 oo oo SK -00.336 1 — - —  i
0043 I  000:00.057 oo o o ! SK 1-00.384 1 - - - - - —  1
0044 000:00.060 o o oo SK -00.432 - - - - - —  1
0045 : 000:00.065 oo oo SK -00.480 ! - - - - - —  I


















B.2 CCT Controlled Cooling 
B.2.1 Slow Cooling
Sample heating is controlled in lines 3 and 4. The 
cooling steps are controlled in lines 5 - 2 3 .  The values 
in the TIME and TEMP columns can be adjusted to give 
different cooling or heating rates. Data acquisition is 
turned on in line 5.
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PROGRAM : TO-1C HECH RANGE = -5 - +5
PT. I TIHE I TEHP (HODS HECH INO. OFl RETURNI CONTROL 
I I I If ILOOPS I POINT I SNITCHES ON
tttt
♦tti DATA ACQUISITION PARAHETERS AS OF 6/30/1908
tttt
tttt CHANNEL CONNECTION SCALE UNITS
tttt
tttt 1 TEHPERATURE 200.00 .(Celsius
tttt 4. C - STRAIN 0.20 ■■






tttt DURATION CLOCK PERIOD
♦ttt HOURS HINUTES SECONDS TOTAL SAHPLIN6 RATE 5,995? HERTZ 
tttt 03 02 10 CHANNEL SAHPLINS RATE 1.9986 HERTZ
tttt
tttt GPL PR08RAH TO HEAT CCT SAHPLE TO 1093 C AT 4C/SEC, HOLD FOR 5 HINUTES, 
tttt THEN COOL LINEARLY AT O.tC/SEC 
tttt DATA ACQUISITION ON COOLING
tttt
0001 000 01 .000 :■ oooo SK 1 00 .00 0 1 ___ _____ 2
0002 000 01 .000 1 oooo : SK t 00 .000 1 — — 0 .2
0003 005 00 .000 ' 1093 SK ; oo.ooo 1 — — 0 ,2 6
0004 005 00 .000 1 1093 : SK 1 00 .000 1 — — 0 ,2 6
0005 010 00 .000 : 1033 SK 00 .000 1 — — 0 ,2 6 ,12
0006 010 00 .000 ; 0973 SK t 00 .00 0 1 — [ — : 0 ,2 6
0007 010 00 .000 : 0913 : SK : 00 .000 1 — — 0 ,2 6
0008 : 010 00 .000 1 0853 1 SK ! 00 .000 I — ; — 1 0 ,2 6
0009 010 00 .000 0793 ! SK 00 .000 1 — — 0 ,2 6
0010 010 00 .000 1 0733 1 SK : 00 .000 1 — [ — : 0 ,2 6
0011 010 00 .000 1 0673 I SK : 00 .000 1 — — 0 ,2 6
0012 010 00 .000 I 0613 I SK ; o o .o o o 1 — 1 — 0 ,2 6
0013 010 00 .00 0 I 0553 1 SK 00 .000 1 — — 0 ,2 6
0014 010 00 .000 1 0493 [ SK ! 00 .000 1 — 1 — : 0 ,2 6
0015 010 00 .000 [ 0433 1 SK 00 .000 1 — — 0 ,2 6
0016 010 00 .000 [ 0373 I SK i 00 .00 0 1 — 1 — : 0 ,2 6
0017 010 00 .000 0313 1 SK 00 .00 0 1 — — 0 ,2 6
0018 I 010 00 .00 0 0253 1 SK : 00 .000 1 — 1 — 0 ,2 6
0019 010 00 .000 0193 1 SK 00 .00 0 1 — — 0 ,2 6
0020 010 00 .000 0133 1 SK 00 .000 1 — — 0 ,2 6
0021 010 00 .000 0073 ; s k 00 .000 1 — — 0 ,2 6
0022 010 00 .000 0013 ! SK 00 .000 1 — — 0 ,2 6
0023 002 10.000 OOOO s k 00 .000 1 — — 0 ,2 6
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B.2.2 Fast Cooling (gas assisted)
Sample heating is controlled in lines 3 and 4. The 
cooling steps are controlled in lines 5 and 6. The values 
in the TIME and TEMP columns can be adjusted to give 
different cooling or heating rates. Gas assisted cooling 
and the data acquisition are turned on in line 5.
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DATA ACQUISITION PARANETERS AS OF 6/09/1788
CHANNEL CONNECTION
TEMPERATURE
I C - STRAIN
















CLOCK PERIOD 320.5 fS
TOTAL SAMPLING RATE 3120.1248 HERTZ 
CHANNEL SAMPLING RATE 1040.0416 HERTZ
SPL PROGRAM TO HEAT CCT SAMPLE TO 1093C AT 4C/SEC, HOLD FOR 
THEN COOL LINEARLY AT 100C/SEC -  GAS ASSISTED COOLING 
DATA ACQUISITION ON C00LIN6
MINUTES,
0001 : 000:01.000 ; oooo : sk : 00.000 1 — -- 2
0002 ! 000:01.000 t 0000 I SK ; oo.ooo l — ; -- ' 0,2
0003 005:00.000 : 1093 SK 00.000 ; — -- 0,2,6
0004 I 005:00.000 1 1093 ; sk : 00.000 i — ' -- 0,2,6
0005 000:10.930 0000 SK 00.000 ; -- -- 0,2,6,8,12
0006 000:10.000 : 0000 ' SK : oo.ooo 1 -- -- 0,2,6,8
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B.2.3 A, and A, Determinationcl c3
Sample heating is controlled in line 3. The values in 
the TIME and TEMP columns can be adjusted to give different 
heating rate. Data acquisition is turned on in line 3.
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TIME (TEMP IMQDEI MECH INO. OF! RETURN! I I L o o p s  I point I CONTROL SNITCHES ON
DATA ACQUISITION PARAMETERS AS OF 10/11/1989
MM CHANNEL CONNECTION SCALE UNITS
MM
MM 1 TEMPERATURE 200.00 (Celsius
HH L C - STRAIN 0.20
MM 7•J T - PROG 1000.00 (Celsius
MM 4 NONE
HH 5 NONE
H it 6 NONE
MM 7 NONE
MM 8 NONE
MM DURATION CLOCK PERIOD
HOURS MINUTES SECONDS TOTAL SAMPLING RATE 
CHANNEL SAMPLING RATE
HH
m m  09 06 30
m m
M M  SPL PROGRAM TO HEAT SAMPLE AT 2C/SEC TO 1093C
m m  OATA ACQUISITION ON HEATING -- CHART RECORDER USE IS S U G G E S T E D " 1
m m  AC1 AND AC3 ARE DERIVED FROM THIS TEST
HH
0001 I 000:01.000 I 0000 I SK I 00.000 I - - -  I   I 2
0002 I 000:01.000 I 0000 I SK I 00.000 I - - -  I   I 0,2





B.3 Compression Testing - Single Compression 
B.3.1 Flow Stress
This program is used to control the heating and 
then compression of a sample at constant strain rate, 
followed by controlled cooling. The heating rate can 
adjusted in lines 4 and 5, in the TIME and TEMP columns.
The cooling rate can be adjusted in lines 18 and 19 in the 
TIME and TEMP columns. The platen stroke is incremented in 
lines 6 - 16 to control a compression at constant strain 
rate. The TIME or MECH columns in Lines 6 - 1 6  can be 
altered to control a different strain rate or to produce a 
different reduction. Data acquisition is turned on in line 
6 and off in line 17, so that flow stress data are 
recorded.
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PROGRAM : 1140AF MECH RANGE = -5 - +5
PT. | TINE | TENP (NODE! MECH INO. OF! RETURN! CONTROLI JH I N |
t I I L oops i point I switches on
DATA ACQUISITION PARANETERS AS OF 9/03/1990
CHANNEL CONNECTION SCALE UNITS
1 TENPERATURE 1000.00 (Celsius
1
L STROKE 1.00 c«
70 FORCE 1000.00 Kq








CLOCK. PERIOD 30.8 fS
TOTAL 3ANPLING RATE 32520.3252 HERTZ 
CHANNEL SAMPLING RATE 8130.0813 HERTZ
6PL PROGRAM TO HEAT CONPRESSION SANPLE TO 1100C AT 4C/SEC, HOLD FOR 
THEN CQNPRESS AT 1/S CONST STRAIN RATE TO 401 REDUCTION 
INITIAL HEIGHT = 1.2 CN, FAST COOL FRON 1100 TO 1000 IN 5 SEC 
THEN COOL LINEARLY AT 3C/SEC
(ONLY ACQUIRES DATA OURING CONPRESSION)
SEC,
0001 000:01.000 0000 SK 00.000 ----- — 2
0002 ! 000:10.000 1 0000 SK ; oo.ooo ----- — : 0 ,2 ,3
0003 000:05.000 0000 SK 00.000 ----- — 0 ,2 ,3 ,6
0004 : 005:00.000 : 1100 SK : oo.ooo ----- — : 0 ,1 ,2 ,3 ,6
0005 000:04.000 1100 SK 00.000 ----- — 0 ,1 ,2 ,3 ,4 ,5 ,6
0006 ! 000:01.000 : 1100 SK ; oo.ooo ----- [ — I 0 ,1 ,2 ,3 ,4 ,5 ,6 ,1 2
0007 000:00.046 1100 SK -00 .053 ----- — 0 ,1 ,2 ,o ,4 ,5 ,6
0008 1 000:00.048 1100 SK -00 .107 ----- : — 0 ,1 ,2 ,3 ,4 ,5 ,6
0009 000:00.050 [ 1100 SK -00 .160 ----- — 0 ,1 ,2 ,3 ,4 ,5 ,6
0010 ! 000:00.053 [ 1100 SK 1-00.214 ----- — 0 ,1 ,2 ,3 ,4 ,5 ,6
0011 000:00.056 : lioo SK -00.267 ----- — 0 ,1 ,2 ,3 ,4 ,5 ,6
0012 1 000:00.059 1 1100 : SK -00.321 ----- i — 0 ,1 ,2 ,3 ,4 ,5 ,6
0013 000:00.063 ; lioo SK -00 .375 ----- — 0 ,1 ,2 ,3 ,4 ,5 ,6
0014 1 000:00.067 1 1100 1 SK -00 .428 ; — i — 0 ,1 ,2 ,3 ,4 ,5 ,6
0015 000:00.072 f 1100 SK -00 .482 — — 0 ,1 ,2 ,3 ,4 ,5 ,6
0016 1 000:00.077 1 1100 : s k -00 .535 — [ — 0 ,1 ,2 ,3 ,4 ,5 ,6
0017 000:00.050 ; itoo SK -00 .535 — ; ----- 0 ,1 ,2 ,3 ,4 ,5 ,6 ,1 2
0018 1 000:05.000 1 1000 ! SK -00 .535 — | ----- ! 0 ,1 ,2 ,3 ,4 ,5 ,6
0019 005:33.333 : 0000 SK 1-00.535 ----- 0 ,1 ,2 ,3 ,4 ,5 ,6
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B.3.2 Dilatometry after Compression
This program is similar to the same as the flow 
stress program except for the acquisition. Data are 
recorded on cooling after compression. Data acquisition is 
turned on in line 17.
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TIME ITEHP fMODEI HECH INO. 0F| RETURN1 CONTROL I I SLOOPS I POINT I SNITCHES ON
DATA ACQUISITION PARAMETERS AS OF 9/01/1990
4444 CHANNEL CONNECTION SCALE UNITS
4444
4444 1 TEMPERATURE 1000.00 ^Celsius
4444 n4 STROKE 1.00 Cl
4444 Tj FORCE 1000.00 Kq
























GPL PROGRAM TO HEAT COMPRESSION SAMPLE TO 1100C AT 4C/SEC, HOLD FOR 5 
THEN COMPRESS AT 1/S CONST STRAIN RATE TO 401 REDUCTION
SEC,
INITIAL HEI6HT » 1.2 CM, FAST COOL FROM 1 
THEN COOL LINEARLY AT 3C/SEC
(ONLY ACQUIRES DATA DUR
0001 1 000:01.000 1 0000 SK 00.000 : — ----- 2
0002 1 000:10.000 1 0000 SK 00.000 I — ----- : 0 ,2 ,3
0003 1 000:05.000 ! 0000 SK 00.000 — ----- 0 ,2 ,3 ,6
0004 1 005:33.333 I 1100 SK 00.000 1 — ----- : 0 ,1 ,2 ,3 ,6
0005 1 000:04.000 : noo SK 00.000 — ----- 0 ,1 , i , j , 4 , j ,6
0006 1 000:01.000 1 1100 SK 00.000 [ — ----- 0 » 1 *2 ,o ,4 , j , 6
0007 I 000:00.046 ; noo SK -00 .053 — ----- 0 ,1 ,2 ,3 ,4 ,5 ,6
0008 1 000:00.048 1 noo SK -00 .107 i — ----- 0 ,1 ,2 ,3 ,4 ,5 ,6
0009 1 000:00.050 ! 1100 SK -00 .160 1 — ----- 0 ,1 ,2 ,3 ,4 ,5 ,6
0010 1 000:00.053 1 1100 I SK -00.214 1 — ----- 1 0 ,1 ,2 ,3 ,4 ,5 ,6
0011 i  000:00.056 ! 1100 SK -00 .267 l — ----- I 0 ,1 ,2 ,3 ,4 ,5 ,6
0012 1 000:00.059 [ 1100 1 SK -00.321 1 — ----- ! 0 ,1 ,2 ,3 ,4 ,5 ,6
0013 I 000:00.063 : lioo SK -00 .375 I — ----- 0 ,1 ,2 ,3 ,4 ,5 ,6
0014 1 000:00.067 1 1100 SK -00 .428 1 — ----- 1 0 ,1 ,2 ,3 ,4 ,5 ,6
0015 1 000:00.072 : noo SK -00 .482 ! -- ----- ! 0 ,1 ,2 ,3 ,4 ,5 ,6
0016 1 000:00.077 1 noo SK -00 .535 1 -- ----- 1 0 ,1 ,2 ,3 ,4 ,5 ,6
0017 1 000:00.050 I  1100 SK -00 .535 1 ----- ----- ! 0 ,1 ,2 ,3 ,4 ,5 ,6 ,1 2
0018 1 000:10.000 1 1000 ! SK -00.535 I ----- ----- 1 0 ,1 ,2 ,3 ,4 ,5 ,6
0019 i 1 005:33.333 [ 0000 SK -00 .535 ; . — 1 -— 0 ,1 ,2 ,3 ,4 ,5 ,6
00 TO 1000 IN 5 SEC
N6 C00LIN6)
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B.3.3 Quenching after Compression
This program is similar to the flow stress 
program except for the cooling method and acquisition. 
Immediately after compressing the sample, the jaws are 
opened so that the sample can be manually removed and 
quenched. Data acquisition is not used.
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PR06RAH : 04A6 HECH RANGE * -5 - *5
PT. TIHE | TEHP |HODE| HECH (NO. OFI RETURN! LOOPS I POINT I CONTROL SNITCHES ON
tttt DATA ACQUISITION PARAHETERS AS OF 10/01/1990
m *
**** CHANNEL CONNECTION SCALE UNITS
****
**»* 1 TEHPERATURE 1000.00 ^Celsius
**** TL. STROKE 1.00 ci
♦*** 3 FORCE 1000.00 Kq























GPL PROGRAH TO HEAT COHPRESSION SAHPLE TO tOOOC AT 4C/SEC, HOLD FOR 5 SEC, 
THEN COHPRESS AT 1/S CONST STRAIN RATE TO 401 REDUCTION 
INITIAL HEIGHT = 1.2 CH, NITHDRAN PLATENS FOR HANUAL REHOVAL AND QUENCH 
(NO DATA ACQUISITION)
0001 000:01.000 0000 SK 00.000 -- -- : 2
0002 000:10.000 0000 SK 00.000 -- -- 0 2,3
0003 000:05.000 0000 SK 00.000 -- -- 0 2,3,6
0004 004:37.777 1000 SK 00.000 -- -- 0 1,2,3,6
0005 000:04.000 1000 SK 00.000 -- -- 0 1,2,3,4,5,fa
0006 000:01.000 1000 SK 00.000 -- -- 0 1,2,3,4,5,6
0007 000:00.046 1000 SK -00.053 -- -- 0 1,2,3,4,5,6
0008 000:00.048 1000 SK -00.107 -- -- 0 1,2,3,4,5,fa
0009 000:00.050 1000 1 SK -00.160 -- -- I 0 1,2,3,4,5,fa
0010 000:00.053 : i o o o ! SK -00.214 -- -- [ 0 1,2,3,4,5,6
0011 000:00.056 1 1000 1 SK 1-00.267 -- -- ! 0 1,2,3,4,5,6
0012 000:00.059 ’ 1000 I SK -00.321 -- -- [ 0 1,2,3,4,5,6
0013 1 000:00.063 1 1000 I SK 1-00.375 1 -- 1 -- [ 0 1,2,3,4,5,6
0014 000:00.067 ! 1000 I SK [-00.428 ; -- -- ; o 1,2,3,4,5,fa
0015 [ 000:00.072 [ 1000 1 SK 1-00.482 ; -- -- I 0 1,2,3,4,5,6
0016 000:00.077 1000 SK -00.535 -- -- [ 0 1,2,3,4,j,fa
0017 000:00.050 1000 SK 1-00.535 ! -- : — 1 0 1,2,3,4,5,6
0018 000:05.000 0000 SK -00.300 - -- — 1 0 1,2,3,4,5,6
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B.4 Compression Testing - Double Compression
B.4.1 Flow Stress
This program is similar to the single compression flow 
stress with the exception that there are two compressions 
with a hold in between. The hold is controlled on line 23 
in the TIME column. Data acquisition is turned on in line 
6 and off in line 34, so that flow stress is recorded.
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PROGRAM : U 2 X A F  
PT. I TINE
HECH RANGE = -5 - +5
f TENP IHODEl HECH 1NQ. OF* RETURNI 
I I I ILOOPS I POINT I
CONTROL 
SNITCHES ON























CLOCK PERIOD 99.3 fS
TOTAL SAHPLING RATE 10075.5668 HERTZ 
CHANNEL SAMPLING RATE 2518.8917 HERTZ
GPL PROGRAM TO HEAT COMPRESSION SAMPLE TO 1100C AT 4C/SEC, HOLD FOR 5 SEC, 
THEN COMPRESS AT 1/S CONST STRAIN RATE TO 201 REDUCTION,
HOLD FOR 4 SECONDS, THEN COMPRESS ANOTHER 201
INITIAL HEIGHT = 1.2 CM, FAST COOL FROM 1100 TO 1000 IN 5 SEC
THEN COOL LINEARLY AT 3C/SEC
(ONLY ACQUIRES DATA DURIN6 COMPRESSION)
0001 0 0 0:0 1 .0 00 0000 I SK 00 .00 0 [ ----- [ ----- 2
0002 00 0:1 0 .0 00 0000 SK 00 .00 0 ----- I ----- 0 ,2 ,3
0003 00 0:0 5 .0 00 0000 ; sk 00 .000 [ ----- | ----- 0 ,2 ,3 ,6
0004 00 5:0 0 .0 00 1100 SK 00.000 ----- [ ----- 0 , 1 , 2 , o ,6
0005 ! 00 0 :0 4 .0 00 1100 SK 00.000 [ ----- [ ----- ; 0 , 1 ,2 ,3 ,4 ,5 ,6
0006 00 0 :0 1 .0 00 1100 SK 00 .000 ----- ----- 0 , 1 ,2 ,3 ,4 ,5 ,6 ,1 2
0007 : 00 0:0 0 .0 25 1100 1 SK (-00 .030 [ ----- [ ----- 0 , 1 , 2 , o ,4 ,5 ,6
0008 00 0:0 0 .0 26 1100 ; sk -0 0 .0 5 9 ----- ----- 0 , 1 , i , 3 , 4 , 5 , 6
0009 00 0 :0 0 .0 2 6 1100 I SK -0 0 .0 8 9 ; ----- ; — 0 , 1 ,2 ,3 ,4 ,5 ,6
0010 00 0 :0 0 .0 27 1100 : SK -0 0 .1 1 8 ----- — 0 , 1 ,2 ,3 ,4 ,5 ,6
0011 i 00 0 :0 0 .0 28 1100 i  SK -0 0 .1 4 8 I ----- [ — 0 , 1 ,2 ,3 ,4 ,5 ,6
0012 00 0 :0 0 .0 28 1100 1 SK -0 0 .1 7 7 ----- i — 0 , 1 , 2 , o ,4 ,5 ,6
0013 00 0 :0 0 .0 3 0 1100 1 SK 1-00.207 ! ----- [ — 0 , 1 , 2 , o ,4 ,5 ,6
0014 00 0 :0 0 .0 30 1100 : sk -0 0 .2 3 6 ----- — 0 , 1 ,2 ,3 ,4 ,5 ,6
0015 I 000:00 .031 1100 1 SK [-00 .26 5 ! ----- I — ' 0 , 1 ,2 ,3 ,4 ,5 ,6
0016 00 0:0 0 .0 04 1100 ( SK [-00 .270 ----- [ — 0 , 1 ,2 ,3 ,4 ,5 ,6
0017 : 00 0 :0 0 .0 04 1100 1 SK [-00 .2 7 4 ----- i — 0 , 1 ,2 ,3 ,4 ,5 ,6
0018 00 0:0 0 .0 04 1100 I SK [-00 .279 ----- [ — 0 , 1 ,2 ,3 ,4 ,5 ,6
0019 ! 0 0 0 :0 0 .0 04 1100. 1 SK [-00 .28 3 I ----- i — [ 0 , 1 ,2 ,3 ,4 ,5 ,6
0020 00 0 :0 0 .0 04 1100 1 SK -0 0 .2 8 8 ----- ; ----- 0 , 1 ,2 ,3 ,4 ,5 ,6
0021 : 00 0 :0 0 .0 04 1100 1 SK [-00 .29 2 | ----- [ ----- [ 0 , 1 ,2 ,3 ,4 ,5 ,6
0022 00 0:0 0 .0 04 1100 i  SK -0 0 .2 9 6 ----- [ ----- 0 , 1 ,2 ,3 ,4 ,5 ,6
0023 00 0 :0 4 .0 0 0 1100 ; sk [-00 .2 9 6 ----- | ----- i 0 , 1 ,2 ,3 ,4 ,5 ,6
0024 00 0:0 0 .0 25 1100 SK -0 0 .3 2 6 ----- ; ----- 0 , 1 ,2 ,3 ,4 ,5 ,6
0025 00 0 :0 0 .0 25 1100 1 SK -0 0 .3 5 5 ----- | ----- ' 0 , 1 ,2 ,3 ,4 ,5 ,6
0026 00 0 :0 0 .0 26 1100 SK -0 0 .3 8 5 ; ----- [ ----- 0 , 1 ,2 ,3 ,4 ,5 ,6
0027 ! 0 0 0 :0 0 .0 27 1100 1 SK [-00 .4 1 4 1 ----- | ----- 0 , 1 , 2 , 3 , 4 , 5 ,o
0028 00 0:0 0 .0 28 1100 SK -0 0 .4 4 4 ----- ----- 0 , 1 ,2 ,3 ,4 ,5 ,6
0029 11 00 0 :0 0 .0 28 1100 I SK 1-00.473 | . . . . I ----- 0 , 1 ,2 ,3 ,4 ,5 ,6
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PRQGRAH : 112IAF HECH RANGE = -5  -  *5
PT. ! TIHE TEHP NODE HECH NO. OF : RETURN
LOOPS POINT
0030 000:00.030 1100 SK -00 .503 ----- -----
0031 000:00.030 1100 SK -00 .532 ----- -----
0032 1 000:00.031 1100 SK [-00.561 ----- -----
0033 000:00.032 1100 SK -00.591 ----- -----
0034 ! 000:00.050 ! 1100 SK 1-00.591 j ----- ; —
0035 000:05.000 1000 SK -00.591 -- —
0036 1 005:33.333 1 0000 SK 1-00.591 i-- ; --
CONTROL 
SNITCHES ON 
0 , 1 ,2 ,3 ,4 ,5 ,6  
0,1,2,3,4 ,5 ,6  
0 , 1 ,2 ,3 ,4 ,5 ,6  
0 , 1 ,2 ,3 ,4 ,5 ,6  
0 ,1 ,2 ,3 ,4 ,5 ,6 ,1 2  
0,1,2 ,3 ,4 ,5 , 6  
0,1,2,3,4,5,6
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APPENDIX C: Gleeble Operating Procedures
T-3952 193
The following paragraphs outline operation of the 
Gleeble for compression testing. The procedures are 
presented as a series of steps to be followed, explanations 
of these procedures and equipment used can be found in the 
Gleeble manuals (24).
C.l General Operating Procedure
The general operating procedure for compression 
testing of the Gleeble is presented below.
0. Before testing, turn on the chiller and vacuum 
pump. Allow it to equilibrate for 1 hour.
1. Grind the Ni-plate from a small region at the 
mid-length of the sample. Clean the sample with 
ethanol and spot weld both thermocouple leads to 
this ground region. Make sure that the leads are 
about two wire diameters apart on the 
circumference of the sample. Thread a 3/4 inch 
piece of alumina thermocouple sheath over the two 
wires to separate and shield them from the 
apparatus.
2. Tighten the U-jacks and the platen holder set 
screws.
3. Dog-ear the corner of two 1 inch pieces of 
tantalum foil. Fold two rectangular pieces of 
graphite into squares slightly larger than the 
tantalum foil. fold each doubled graphite piece 
over the tantalum to form a "sandwich". Place 
one sandwich on each platen so that the tantalum 
side is toward the tungsten carbide. Use the 
dog-eared corner to let the sandwich hang on the 
platen.
4. In manual mode, position the movable jaw so that 
it is as far as possible away from the fixed jaw. 
Slowly move it back to a 2 cm separation between
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the platens.
5. Using long tweezers, hold the sample against the 
center of the platen in the fixed jaw. Make sure 
that the thermocouple is facing you at 45° from 
vertical, and the alumel (magnetic) wire is the 
lower one.
6. Using the coarse stroke control, move the movable 
jaw toward the sample until it slightly contacts 
the sample and the force meter in direct mode 
starts to show a compressive force below 200 kg 
(0.20 on the meter). Turn the fine stroke 
control while watching the force meter until it 
reads 200 kg (0.20 on the meter). Press panic- 
stop to turn off the pumps,
7. Connect the thermocouple wires to the terminals 
at the rear of the vacuum chamber, alumel 
(magnetic) to black and chromel to red. Make 
sure that they do not touch each other, or 
anything other than the sample. Also minimize 
their length so that there is only enough to 
reach from the sample to the terminals. Excess 
wire is trimmed.
8. If the C-strain dilatometer is to be used, check 
that it will output linearly over the expected 
range of movement, and attach it to the sample, 
leaning it against a rubber band stretched 
between the jaws.
9. Check the thermocouple connectors once again to 
see that the magnetic one is attached to the 
black terminal. Another check is to look at the 
T-servo (actual temperature) meter to see if it 
reads a value between 15°C and 25°C.
10. Cover the vacuum chamber with the glass plate and 
secure with two C-clamps. Close the gas bleed 
port and depress the rough vacuum start button. 
Watch the vacuum gage at the rear of the chamber 
until the meter stops at the best possible 
vacuum. Stop the roughing vacuum with the 
standby switch and backfill the chamber with 
argon. Use the rough vacuum and argon backfill 
once more. When the chamber is at 1 atm. argon 
pressure, set the flow rate of argon to about 8
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cfh and open the bleed port to allow argon to 
leak out. place the vent tube over the bleed 
p o r t .
11. On the PC, start the GPL program environment.
12. Change directories to your working directory by 
pressing F9, then use F3 to select a new 
directory. Back out to the main menu with F10.
13. Load a program by pressing F3, then selecting the 
program.
14. Prepare to run the program with F6. This command 
downloads program information from the PC to the 
Gleeble control unit. The run menu is now 
visible.
15. Set the M-Control to computer mode and depress 
the two white computer enable buttons on the 
Digital Interface panel.
16. Press F2 to send a zero signal to the Gleeble 
control unit.
17. Press F3 to check connections and switch settings 
on the Gleeble control unit.
18. Press F4 to start the test.
19. The PC screen will display the data being 
acquired.
20. Watch the thermal monitor to see that there is no 
erratic heating. At the austenitizing 
temperature, it may be necessary to use the trim 
knob on the T-servo module to fine tune the 
heating of the sample.
21. When the program finishes, press the space bar on 
the PC keyboard to exit the acquisition screen. 
Press Y to save the data for the test. After the 
data has been saved, press F2 to zero the Gleeble 
control unit.
22. On completion of the test, the sample will 
probably still be hot. Allow argon to flow and 
wait until the sample is below 100°C before
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turning it off. The sample can be removed and 
handled when it is cooler than 80°C.
23. Remove the glass plate carefully, and detach the 
C-strain dilatometer (if used) and the 
thermocouple wires. Switch the M-control to 
manual stroke and manually move the movable jaw 
away from the fixed jaw. Press the panic-stop 
button to turn off the pumps, and remove the 
sample.
24. Wait 20 to 30 minutes before running another 
sample to allow the chiller to cool the jaws to 
normal temperature.
C.2 Gasket Resistance Test
Each day before testing, the current condition of the 
resistance of the O-ring seal was made. Since this 
resistance varies with the speed of stroke movement, a 
separate test was run for each strain rate to be used. The 
procedure for the resistance test follows. This test will 
control the stroke so that compressive movement is made 
that is the same as that used to compress a 12 mm sample at 
a constant strain rate to 40% reduction. Load and stroke 
are monitored to give a measure of the resistance of the 0- 
r i n g .
1. In manual mode, position the movable jaw so that 
it is as far away as possible from the fixed jaw. 
Then, slowly move it back to a 12 mm separation 
between the platens. Press the panic-stop button 
to turn off the pumps.
2. Follow steps 11 - 19 in as previously described 
in the general operation procedures to start the 
O-ring resistance test.
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3. When the system stops, setup and run again for 
each strain rate to be used.
C.3 Temperature Test
The temperature control of the Gleeble system should 
also be checked each day. This can be adjusted for proper 
heating of the sample. The procedure for temperature 
testing and adjustment follows. This test will heat a test 
sample to a low temperature (200°C), hold for 1 minute, 
then continue heating to a high temperature (1100°C), hold 
for 1 minute then stop the test. During the hold times at 
either the low or high temperature, the sample heating can 
be adjusted so that the program and actual temperature are 
the same.
1. Prepare and load the sample in the same fashion 
as was done with a normal compression test.
2. Turn the T-servo trim knob so that it is in the 
middle of its movable range.
3. Follow steps 11 - 19 in as previously described 
in the general operation procedures to load and 
start the temperature test.
4. When the sample temperature reaches the lower 
hold temperature, turn the ZERO on the T-servo 
panel and adjust the heat input so that the 
actual temperature and program temperature meter 
values are equal.
5. When the sample temperature reaches the upper 
hold temperature, turn the zero again to equate 
the actual temperature and program temperature 
meter values.
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6. The test will stop without cooling the sample. 
Allow the system to cool until the sample 
temperature is below 80°C. Remove the sample and 
wait at least 30 minutes before any compression 
testing is done.
